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ABSTRACT
Synthesis, Characterization and Photocatalytic Applications of One Dimensional
TiO2 Nanostructures
Jin Wang
TiO2 are extensively used in the photocatalysts and photoelectrochemical
devices for solar energy harvesting, hydrogen generation and environment
remediation. The photocatalysis efficiency of TiO2 depends on the electron-hole
separation and the electron-hole recombination processes. It remains a challenge to
improve the generation efficiency of electron and holes and to reduce the
electron-hole recombination rate. Furthermore, the large bandgap of pristine TiO2
limits its photocatalytic activity to the ultraviolet regime that accounts for about 5% of
the spectral output of sunlight. This research aims to facilitate the photocatalytic
applications of TiO2 through accomplishing three specific tasks: (i) synthesize
one-dimensional (1-D) TiO2 nanostructures by hydrothermal processing and tailor
their structures; (ii) develop TiO2 (101) nanobelt as an efficient photocatalyst and
gain fundamental understanding of its enhanced surface reactivity and reduced
electron-hole recombination rate; (iii) extend the photocatalytic activity of TiO2 to the
visible light range by doping nitrogen atoms into the TiO2 lattice.
In the present work, hydrothermal processing has been developed as a
cost-efficient, scale-up, reproducible synthetic route to fabricate 1-D single-crystalline
titanate and titania nanostructures. The synthesis factors have been systematically
investigated to ensure the repeatability and controllability of the method. The growth
mechanism of 1-D nanostructures formation is also proposed. It is demonstrated how
to tailor the titania nanomaterials in terms of the shape, crystal structure and phase
composition. The photocatalytic activities of the TiO2 nanospheres, nanotubes and
nanowires have been compared. It is found that the nanobelts exhibit the highest
photocatalytic activity.
In particular, single-crystalline anatase TiO2 nanobelts with two dominant
surfaces terminated by the (101) facet, which are 60-400 nm wide, ~10 nm thick, and
up to 30 μm long, are superior in the photocatalytic activity to the nanosphere
counterparts. The exposed (101) facet endows the nanobelts the enhanced reactivity
with molecular O2 and thus facilitate the generation of superoxide radical ( O2• -).
Moreover, the nanobelts exhibit a lower electron-hole recombination rate than the
nanospheres, which is due to three reasons: (i) higher charge mobility in the nanobelts
where the charge carriers are able to move throughout the length dimension of single
crystal; (ii) less localized states near the band edges and in the bandgap of the

nanobelts; and (iii) enhanced charge separation due to trapping of photogenerated
electrons by chemisorbed molecular O2 on the (101) facet. Our results indicate that
the photocatalytic activity of TiO2 can be tailored by its shape and surface structure.
Nitrogen-doped anatase titania nanobelts have been prepared via heat
treatment in NH3. Higher treatment temperature results in higher nitrogen content and
higher oxygen vacancies in the anatase TiO2 lattice. Nitrogen doping leads to an
add-on shoulder on the edge of valence band, the localized N 2p levels above the
valence band maximum and the 3d states of Ti3+ below the conduction band, which is
confirmed by DFT calculation and X-ray photoelectron spectroscopy (XPS)
measurement. Extension of the light adsorption from the ultraviolet (UV) region to
the visible-light region arises from the N 2p levels near the valence band and the color
centers induced by the oxygen vacancies and the Ti3+ species. Nitrogen doping allows
a visible-light-responsive photocatalytic activity but lowers the UV-light-responsive
photocatalytic activity. The visible-light photocatalytic activity originates from the N
2p levels near the valence band. The amount of oxygen vacancies and the associated
Ti3+ species, whose content increases depending on the heat treatment temperature
under NH3. These oxygen vacancies and the associated Ti3+ species act as
recombination centers for the photo-induced electrons and holes, which is responsible
for the reduced the UV-responsive photocatalytic activity.
Owing their unique structures, single-crystalline nanobelts can be used as
interesting building blocks or precursors in material fabrication. In this study, surface
chemistry is found to induce in-situ phase transformation of hydrogen titanate
nanobelts to titania nanomaterials in an aqueous solution. It is deduced that the
interaction of proton or hydroxide ions with H2Ti3O7 skeleton is the key to the phase
transformation. Hydroxide ions could neutralize the hydrogen ions in H2Ti3O7
skeleton, while hydrogen ions could adsorb onto under-coordinated oxygen sites. The
adsorption of dissociate hydrogen/hydroxide ions modify the nanobelt surface, results
in the unstable non-equilibrium energy state, which induces the overall phase
transformation. The transition shows a tendency from titanateÆanataseÆrutile with
increase in the acidity of the solution.
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CHAPTER 1: Introduction

1.1 Motivation
Just before the oil crisis of 1973, Fujishima and Honda built a photoelectrochemical
device and demonstrated water dissociation into H2 and O2 through ultraviolet (UV) light
irradiation on the TiO2 photoanode [1]. This work has opened a pathway for solar energy
conversion by using photo-excitable semiconductors. Production of hydrogen by solar energy is
promising and exciting for creating urgently needed alternative fuel resources in today’s climate
of high-priced energy, which further gave birth to the TiO2 based solar cells such as the famous
Grätzel Dye Sensitized Solar Cells (DSSCs) [2]. On the other hand, the photo-generated
electrons and holes in semiconductor photocatalysts such as TiO2 are also active reducers and
oxidizers to degrade pollutants and for disinfection purpose. Tremendous efforts have been
devoted to research on the applications of TiO2 materials in photovoltaics, photocatalysis,
photoelectrochemical sensors, etc [3]. The research on TiO2 attempts to addresses the two most
significant issues in the world - “energy” and “environment”.
This project is motivated by (і) the need to develop an effective method for
manufacturing large quantity of one-dimensional (1-D) titania TiO2 nanostructures in a well
controllable and repeatable manner; (іі) the need to implement novel nanostructured materials in
photocatalysis applications of removing pollutants and understand the underneath mechanisms of
charge generation and transport in the metal oxide semiconducting nanostructures; (ііі) the need
to develop an effective strategy to modify the TiO2 nanostructures to extend its working zone
into visible light regime, so as to enhance the utilization efficiency of solar energy resources; (iv)

1

the need to manipulate semiconductor nanostructures in morphology, crystal structure, phase
composition and further photocatalysis performance in a controllable fashion in virtue of surface
chemistry, which leads to an innovative material fabrication strategy.
To improve the photoactivity of TiO2, on one hand, the material has to be tailored to
facilitate the charge transport and to enhance the surface reactivity, which aims to promote the
charge separation and to suppress the charge recombination. On the other hand, the band-gap
structure of the material needs to be modulated to extend the intrinsic photo-absorption band of
TiO2 into the visible light, which aims to harvest solar energy to a larger extent. This thesis will
seek the solutions for the above two aspects by either tailoring the structure or tuning the
chemical composition of the TiO2 material.
To promote the charge separation and to suppress the charge recombination in TiO2, 1-D
single-crystalline TiO2 nanostructure is proposed to be developed as the photocatalyst. This idea
is inspired by the fact that 1-D nanostructures (nanowires, nanorods, nanobelts and nanotubes)
with the lateral dimension on the nanometer scale show unique properties that are different from
those of bulk materials. They have potential applications in microelectronic, optic, magnetic,
catalytic, chemical and electrochemical devices. 1-D nanostructures have characteristics of
strength, stiffness and toughness approaching the theoretical limit of the perfect crystals. 1-D
nanostructures have ultrahigh surface-to-volume ratio, which stretches the exposure of materials
to the ambient environment thus enhances the sensitivity to a great extend. In addition, owing to
their specific geometric shape, one dimensional (1-D) nanostructures offer highly efficient
charge transport channel along their longitudinal direction. Their lateral dimension is comparable
to the Debye length (a measure of the field penetration into the bulk), which endows the
electrical transport in such systems to be strongly affected by environment. The carrier (electron
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and hole) transport rate in the 1-D nanostructures is enhanced as compared to the macroscopic
counterparts [7]. These unique advantages of 1-D nanostructures could make 1-D nanostructured
TiO2 as a robust candidate in photocatalysis application which involves the processes of
adsorption of pollutant substrates onto the catalyst surfaces and transfer of photogenerated
charge carriers to the pre-adsorbed substrates.
To extend the light adsorption of TiO2 from the ultraviolet region to visible light range,
the approach proposed here is to dope nitrogen atoms into the TiO2 lattice. The pristine titanium
oxides mainly adsorb UV light due to the intrinsic band-gap of about 3.2eV. The UV light only
comprises about 5 % of natural solar light energy. To extend the utilization of solar energy into
its major visible light, several approaches have been applied to narrow the band gap of TiO2 or
create localized states in the band gap through modification by organic or inorganic dyes,
metallic or non-metallic coating, cationic or anionic doping, etc. Among the various approaches,
doping TiO2 with nitrogen has been proved to be the most efficient way [4]. N-doped titanium
oxide nanostructures are expected to possess higher charge mobility and extend light adsorption
spectrum from ultraviolet range all the way to visible range. Hence, the extended adsorption of
N-doped titanium oxide nanostructures will allow an enhanced utilization of solar energy when
they are used in photoelectrochemical devices or in other photocatalytic applications. The
enhanced charge mobility of N-doped titanium oxide nanostructures will also have an
implication in nanostructured sensors and optoelectronic devices.
The traditional synthetic methods of TiO2 are based on classical wet-chemical routes,
utilizing the hydrolysis or solvolysis of Ti-containing chemicals. Some efforts have been made to
control the morphology and crystallography of synthesized materials, basically involving the use
of surfactants to direct the crystal growth rate and way of preferential stacking. But most of them
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are difficult to remove completely and bring in undesired impurities. In 2005 Saponjic et al
noticed the transition between quasi-anatase scrolled nanotubes and quasi-rutile sheet-like
structures [5]. Later on his coworkers Barnard and Curtiss was inspired by the fact Saponjic et al
found and carried out a thermodynamic modeling work to predict the phase and shape transitions
of TiO2 nanoparticles controlled by surface chemistry although no experimental results back it
up [6]. They brought up the idea of “surface chemistry assisted phase transformation”, which
could open up a totally novel strategy to nanomaterial fabrication by modifying the surface
chemistry of pre-acquired nanostructures to induce the in-situ phase or morphology transition but
has not attracted much, if not any, interest possibly due to limited systems available to study. The
nanobelt structure provides the best opportunity to investigate such topic on nanometer scale. A
single crystalline nanobelt resembles the mini-version of single crystal film which has exclusive
crystal planes exposed. Thus the effect of surface chemistry modification could be maximized
and enhanced. This study will also gain the knowledge of the surface chemistry characteristics of
1-D TiO2 nanostructures.

1.2 Objectives
The overall objective of this study is to develop a controllable, repeatable, scale-up
method for 1-D TiO2 nanostructured photocatalyst production and to gain fundamental
understanding of synthesis, physical and chemical characteristics, photocatalytic activities of low
dimensional metal oxide nanostructures. The overall objective is expected to be accomplished
through the following specific tasks:
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(1) Synthesis and characterization of 1-D titanate and titania nanostructures
The superiority of one dimensional nanostructure lies in their large surface-area-tovolume and the size- and shape-dependent novel electrical and optical properties. Titanium
dioxide is intrinsic semiconductor in which oxygen vacancies are usually present in the lattice.
Based on our preliminary results we postulate that hydrothermal process can be used to scale-up
fabricate titanate and titania nanowires/nanotubes in an inexpensive, controllable fashion and
provide a general approach to scale-up produce such nanostructures for wide applications. The
hydrothermal processing factors (temperature, time, post treatment, etc) controlling the final
products will be investigated. The chemical composition, morphology, size, and crystal structure
of the as-synthesized nanostructures will be examined. Our work will gain insight into the
growth mechanism in terms of the thermodynamics and the kinetics. The knowledge obtained
will facilitate the controlled synthesis of 1-D titanate and titania nanostructures, and promote
their applications in nanosystems and devices.

(2) Photocatalysis of 1-D titania nanostructures and their derivatives
Degradation of methyl orange under irradiation of UVA light will be employed as the
module to study the photocatalytic activity of synthesized materials. Titania nanostructures in
different polymorphs and morphologies derived from the hydrothermal and subsequent posttreatment processes will be applied as photocatalysts in the system to degrade the methyl orange.
The influences of morphology, crystal structure, phase composition, crystallinity on the overall
photocatalysis performance will be analyzed and evaluated. The use of this series of materials
originating from the same hydrothermal pot rules out the interfering factors arising from the
different preparation routes that usually leads to differences in the surface states and in the
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photocatalytic activities. This work will gain better understanding of the effects of the different
parameters (particle size, phase composition, etc) on the material photocatalytic performances.
The knowledge obtained will provide guidelines for structural and morphological design of novel
photocatalysts, more generally speaking, photoelectrochemical systems and devices.

(3) Synthesis, characterization and photocatalysis applications of 1-D nitrogen-doped titania
nanostructures
N-doped titanium oxide nanostructures are expected to give higher charge mobility and
extended light adsorption spectrum from ultraviolet to visible light range [7]. Starting from the
pristine titania nanostructures, an effective approach to fabricate 1-D nitrogen doped titania
nanostructures will be developed and verified by versatile characterization techniques such as
XRD, Raman, XPS. The effects of nitrogen doping on the photocatalysis performance on both
UVA and visible light irradiation will be studied. The origin of the visible light response and the
dependence of the chemical property as well as photocatalytic activity on nitrogen concentration
will be investigated.

(4) Study on the surface chemistry mediated in-situ phase transformation of 1-D titanate
nanostructures and their photocatalytic activities
Instead of using coatings in the wet-chemical synthetic routes to control the growth of
various crystals, the surface chemistry of the titanate crystals will be tuned to drive the phase
transformation in a desired, controllable fashion. Hydrothermal synthesized titanate single crystal
nanobelts will be used as the model material to examine this novel tactic. The surface chemistry
of the titanate nanobelt will be modulated by tuning the acidity/basicity of the ambient solution
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and by changing the nature of the solvents. Such transitions lead to the formation of titania
nanostructures in different polymorphs. The dependence of the phase and morphology
transformation on the surface chemistry will be studied. The transition mechanisms will be
proposed based on crystallography and the surface chemistry. The photocatalytic application of
the titania products and the influences of different parameters on the variations of photocatalytic
activity will also be investigated.

1.3 Significance
We believe that the scientific and engineering knowledge gained in the research on TiO2
could help tackle the currently facing environmental and energy problems. The ultimate goal of
the research carried on “TiO2 photocatalyst” is to enhance its photoactivity. The approach
offered by material science is to improve the photocatalytic activity through well designed
materials in terms of chemistry, physics and structure. The utilization of one dimensional
nanostructure in photocatalysis/photoelectrochemistry devices aims to promote the charge
mobility and surface reactivity, which is based on the directional charge transfer channel and
specific surface facets offered by this unique structure. The relating work in this thesis provides a
systematic proof-of-concept study on enhanced activity of 1-D nanostructure in photocatalysis
application, in terms of the inherent charge transport characteristics of the material and
photocatalysis mechanism. The enhanced charge mobility and surface reactivity of nanobelt
structure will also have an implication on nanostructured sensors and optoelectronic devices.
One the other hand, the “nitrogen doping” approach resolves to facilitate the utilization
efficiency of solar light. This part of work will shed light on the nitrogen doping effects on
titania 1-D nanostructures in terms of crystal structure, doping sites, electronic structure

7

modification as well as the photocatalytic activity. The knowledge obtained will assist the
development of pragmatically applicable visible-light-responsive photocatalysts and promote
their applications in solar energy conversion and environment remediation. In the last part of
work in this thesis, the mechanism of surface chemistry mediated in-situ phase transformation of
nanobelt structure will be unraveled. The knowledge obtained will open up an opportunity for
synthesis of highly photocatalytic efficient titania nanostructures.

1.4 Organization of thesis
This thesis consists of 8 chapters including the present introduction. Chapter 2 gives the
background knowledge and literature review on synthesis, property and photocatalysis
application of 1-D TiO2 nanomaterials. The following five chapters present the research results
towards the four aims specified in the previous section. Chapter 3 is dedicated to the synthesis of
pristine 1-D titanate and titania nanostructures. Systematic investigation on detailing the
influences of each step in the synthesis process is presented. The knowledge obtained in Chapter
3 results in the materials for the photocatalysis investigation in the entire dissertation. Chapter 4
deals with a comparative study on various nanostructures with different morphologies and crystal
structures. The parametric influences on the photocatalysis performance are provided and it
suggests that nanobelt structure possesses the highest photocatalytic activity. Chapter 5 is
engaged in exploring the origin of the enhanced photocatalytic activity of anatase nanobelts
through a simple comparative model involving nanospheres and nanobelts by an in-depth
experimental study and theoretical calculation. Chapter 6 is devoted to the fabrication of
nitrogen-doped 1-D titania nanostructures and to the understanding of the nitrogen doping
effects on crystal, chemical and electronic structure as well as photocatalytic activity upon
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irradiations with different light sources. Chapter 7 demonstrates a novel synthesis strategy of
titania nanomaterials via surface chemistry mediated in-situ transformation of 1-D titanate
nanostructure by a second hydrothermal treatment. A systematic study of controlling surface
chemistry factors in the phase transformation process is provided and rationalized by
hypothesized mechanisms on the basis of crystallographic study. At the end, Chapter 8
summarizes the whole study, giving itemized conclusions and the outlook of future research.

References
[1] Fujishima, A.; Honda, K. Nature 1972, 37, 238.
[2] Grätzel, M. Nature 2001, 414, 338.
[3] Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W. 1995, 95, 69.
[4] Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Science 2001, 293, 269.
[5] Saponjic, Z. V.; Dimitrijevic, N. M.; Tiede, D. M.; Goshe, A. J.; Zuo, X.; Chen, L. X.;
Barnard, A. S.; Zapol, P.; Curtiss, L.; Rajh, T. Adv. Mater. 2004, 17, 965.
[6] Barnard, A. S.; Curtiss, L. A. Nano Lett. 2005, 5, 1261.
[7] Adachi, M.; Murata, Y.; Takao, J.; Jiu, J.; Sakamoto, N.; Wang, F. J. Am. Chem. Soc. 2004,
126, 14943.

9

CHAPTER 2: Background Overview
This chapter presents the properties of TiO2 and the overview of the research progresses in
four aspects: (i) synthesis OF 1-D TiO2 nanostructures,, (ii) photocatalytic activities of TiO2,(iii)
nitrogen-doped TiO2 and (iv) surface chemistry mediated phase transformation.

2.1 Basics of TiO2
2.1.1 Crystal Structural of TiO2
Titanium dioxide occurs in nature in three mineral forms: rutile, anatase and brookite,
additionally two high pressure forms, the monoclinic baddeleyite form and the orthorhombic αPbO2 form have been found at the Ries crater in Bavaria [8]. Rutile is the most common form in
nature and the most stable polymorph among the three modifications. Anatase and brookite both
convert to rutile upon heating. Rutile, anatase and brookite all contain six coordinated titanium in
the form of TiO6 octahedral, but with different stacking-up topology. The crystal structures of the
three polymorphs were illustrated in Fig. 1 [9]. Both rutile and anatase crystalize in tetragonal
system. The two crystal structures differ in the distortion of each octahedron and by the assembly
pattern of the octahedra chains. In rutile, the octahedron shows a slight orthorhombic distortion,
while the octahedron of anatase is significantly distorted so that its symmetry is lower than
orthorhombic. The name of anatase roots from the Greek “anatasis” which means "extension",
indicating the vertical axis of the crystals being longer than that in rutile [10]. Brookite
crystallizes in the orthorhombic system. Brookite occurs rarely compared to the anatase and
rutile forms of titanium dioxide. Because brookite shows no photocatalytic activity, it attracts the
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least research interest. In the present thesis, anatase and rutile are the major crystal structures
investigated. These differences in lattice structures cause difference mass densities and electronic
structures as well as other chemical and physical properties.

Rutile

anatase

brookite

Figure 2.1 Crystal structures of rutile, anatase and brookite polymorphs of TiO2
Additionally there are three metastable forms produced synthetically, the properties of all
of which are summerized in Table 1. TiO2 (B), TiO2 (H) and TiO2 (R) are metastable forms
derived from titanate salts [11-13]. One worth paying attention to is TiO2 (B) phase which is the
monoclinic form of titanium dioxide. It is also composed through edge and coner sharing TiO6
octahedron but with relatively open structure, thus it has a density lower than that of the other
three polymorphs. The mineral is found in weathering rims on tektites and perovskite and as
lamellae in anatase from hydrothermal veins. Recently several papers have devoted to its
application on Li ion intercalation materials [74-76]. It is also of potential interest as catalytic
supports and photocatalysts. The study of TiO2 (B) 1-D nanostructures will also be presented in
this thesis.
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Table 2.1 Summary of crystal phases of TiO2
Phase
Rutile
Anatase
Brookite

Crystal system
Tetragonal
Tetragonal
Orthorhombic

Presence/Synthesis
Naturally occurred
Naturally occurred
Naturally occurred

TiO2(B)

Monoclinic

Hydrolysis of K2Ti4O9
followed by heating

TiO2(H), hollandite form

Tetragonal

Oxidation of the related
potassium titanate bronze,
K0.25TiO2

TiO2(R) ramsdellite form

Orthorhombic

Oxidation of the related
lithium titanate bronze
Li0.5TiO2

TiO2(II)-(α-PbO2 form)
baddeleyite form, (7
coordinate Ti)

Orthorhombic

Naturally occurred
Naturally occurred

Monoclinic

2.1.2 Applications of TiO2
TiO2 is one of the top fifty chemicals produced worldwide. Since its commercial
production in the early twentieth century, titanium dioxide has been widely used as a pigment in
sunscreens, paints, ointments, toothpaste, etc. it provides for maximum whiteness and opacity
[14-16]. It does so more effectively than any other white pigment. These unique properties are
derived from the refractive index of titanium dioxide which is the highest among any material
known to man, even greater than diamond [14].
Thanks to its specific electronic structure, TiO2 is also a potent photocatalyst that can
break down almost any organic compound when exposed to sunlight [17]. A wide range of
environmentally beneficial products utilizing TiO2's reactivity are being developed including
self-cleaning fabrics, auto body finishes, and ceramic tiles. Also in development is a paving
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stone that uses the catalytic properties of TiO2 to remove nitrogen oxide from the air, breaking it
down into more environmentally benign substances that can then be washed away by rainfall
[18]. It remains to be seen, however, whether the formation of undesirable intermediate products
during these processes outweighs the benefits offered by TiO2's photocatalytic properties.
As the most promising photocatalyst, TiO2 materials are expected to play an important
role in helping solve many serious environmental and pollution challenges. The general scheme
for the photocatalytic destruction of organics begins with its excitation by suprabandgap photons,
and continues through surface redox reactions [19]. A detailed review on photocatalysis
mechanism of TiO2 will be given in section 2.4.
2.1.3 TiO2 nanomaterials
When the dimension of matter is brought down to nanometer scale, many of its features
would easily change and have many unique features both different from macro-matters and
single atoms due to the quantum effect, regional confinement of matter, and ultra high surface
area or interface effects [20]. The final objective of nanotechnology is to produce products of
special functions with new physical and chemical features by making atoms, molecules and
matters presenting their features directly in the length of a nanometer such as: the strength of ten
times of iron could be very light, all the information in a library could be stored in a chip the size
of a sugar cube, and tumors the sizes of only several cells can be detected [21]. Titanium
dioxide's photocatalytic characteristics are greatly enhanced due to the advent of nanotechnology
[22, 23].

At the nano-scale, not only the surface area of titanium dioxide particle increases

dramatically but also it exhibits other effects on optical properties and size quantization. An
enhanced rate in photocatalytic reaction is observed as the redox potential increases and the size
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decreases [7, 23]. The same effect also applies to the photovoltaic application, which also utilizes
the photo-generated charge carriers.
Due to its potent performance in photocatalysis and photovoltaic application, tremendous
interests and efforts have been devoted to research on TiO2 nanomaterials in terms of synthesis
and modification, property characterization, fundamental mechanism investigation, theoretical
calculation, and application [7]. The TiO2 nanomaterials synthesis methods are summarized as a
chart in Fig. 2.2. The physical methods mainly include mechanical milling and physical vapor
deposition. The chemical routes especially wet-chemibcal routes are extensively used to
synthesize TiO2 materials. It can be further categorized into sol-gel, hydrothermal/solvothermal,
micelle/inverse micelle, sonochemical/microwave, and electrochemical techniques. These
techniques are mainly based on the hydrolysis or solvolysis between titanium-containing
precursors and the solvent or chelating agents with or without external assistance such as
elevated temperature and pressure in hydrothermal reactor, surfactant in micelle method,
microwave or sonar energy to facilitate or direct the crystal growth. The electrochemical
technique is used to fabricate TiO2 1-D structures by the deposition of TiO2 into the anodic
alumina oxide (AAO) template or by the anodization of Ti foils. This part will be further detailed
in section 2.3 which focuses on reviewing TiO2 1-D nanostructure synthesis.
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Figure 2.2 Summary of synthesis methods of TiO2 nanomaterials

2.2 1-D TiO2 nanostructures
So far three major methods were employed to synthesis TiO2 1-D nanomaterials such as
nanowires or nanotubes. Besides, there are sporadic studies on alternative routes to acquire TiO2
nanorods. Direct oxidation of Ti foil on hot plate and physical vapor deposition (PVD) or
metallo-organic chemical vapor deposition (MOCVD) on substrates were reported to grow
nanorods [24-26]. However, the products generated using these methods were affiliated with the
substrate and difficult to be separated. And the quantity obtained was usually quite small. Those
drawbacks limited the application investigations of the materials. Thus we focus on the following
three major methods with an emphasis on hydrothermal process.
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2.2.1 Template-based synthesis
In a general way, “template” is defined as a central structure within which a network
forms in such a way that removal of the template creates a filled cavity with morphological
and/or stereochemical features related to those of template. A method termed “template
synthesis” entails the preparation of a variety of micro- and nanomaterials of a desired
morphology and, therefore, provides a route for enhancing nanostructure order. Various porous
“templates” are employed and the nanostructures are synthesized within the pores. If the
templates used have cylindrical pores of uniform diameter, monodisperse nanocylinders of the
desired material are obtained within the voids of the template material. Depending on the
operating parameters, these nanocylinders may be solid (forms nanorod) or hollow (forms
nanotube). The nanostructures can remain inside the pores of the templates or they can be freed
and collected by removing the templates. Alternatively, they can also protrude from the surface
like the bristles of a brush. Thus, with the template approach, one is able to prepare
monodisperse nanorods and nanotubues of almost any desired geometry and composition[27,28].
The most frequently used templates are polycarbonate film and anodic alumina
membrane (AAM). Both of them are commercially available and with cylindrical pores
perpendicular to the surface. One can also prepare home-made AAM by anodization of
aluminium film with desired geometry parameters [28]. Fig. 2.3 illustrates the typical process to
create 1-D nanostructures using template method. Two essential steps are needed. First step is to
deposit the desired materials to fill the pores inside the membrane. Various deposition techniques
could be utilized such as sol-gel, polymerization, ALD, PLD, etc [29-32]. The second step is to
remove the template to release and collect the nanostructures. Polycarbonate can be removed by
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high temperature firing. AAM is easily dissolved in NaOH solution. Depending on the specific
technology used, the process might have some additional steps involved.
Various deposition techniques have been used to create titania 1-D structure inside the
pores of template. Sol-gel is frequently used. The formula and recipe of sol-gel is not different
from traditional sol-gel to produce nanoparticles or bulk materials. One just has to dip the
template into the sol before the gelation happens to fill the pores with the sol under the drive of
capillary force and gravity. Additional assistances could be taken to help the sol penetrate into
the pores, such as centrifudge [30], vacuum pump [28], etc. One can also pre-treat the template
surface to enhance the hydrophobicity or hydrophilicity depending on the sol formula to improve
the filling efficiency. After filling, the sol-filled template will go through the same gelation-drycalcination process to form the desired crystal structure. It is commonly occurred that thin films
form on the top and bottom surfaces of membrane. Thus it is necessary to wipe away excessive
sol on the surfaces or use mechanical polishing to thinning the calcined films after calcination.
Then the template is removed to release the titania nanostructures. The morphology of the
obtained materials closely associated with the network geometry of the template used, and
clusters or bundles of nanowires/nanotubes are normally seen. Sol-gel is the most accessible and
economical method to produce nanomaterials. One can also use other techniques to do the
deposition step such as electrophoresis deposition, atomic layer deposition, etc, depending on the
available instruments and experimental conditions. Utilizing different deposition steps one has
also to slightly adjust the specific steps in pre-deposition and template-removal processes.
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Deposition of desired
materials in the pores
with full (nanorods)
or partial (nanotubes)
filling

Remove the template
to release the nanorods
or nanotubes

Figure 2.3 Schematic of process to create 1-D nanostructures using template method
The template method is technologically facile and experimentally economic. The crystal
structure could be controlled by choosing the appropriate deposition recipe. However, there exist
some drawbacks. It is observed that most products obtained from template method are clustered
together in the form of bundles like bristles or arrays. It is almost impossible to separate the
bundles into free-standing nanowires/nanotubes without destroying them. Sonicating the
nanowire/nanotube suspension could dismantle the bundles but lead to breakage or rupture of the
nanostructures. The nanostructures formed are usually mechanically fragile, because each
nanowire/nanotube is rather an assembly of small crystallites than a single-crystalline integer. It
is quite difficult to obtain single-crystal structures using template-based method. It is also
difficult to make high purity materials because of the use of template which is hard to be
completely removed. Impurities could also come from the process of removing template.
Another disadvantage greatly limiting the application of the materials obtained this way lies in
the low output. One can imagine how little sample is obtained from each template. Tedious
repetitious work has to be put to obtain sufficient amount of sample for regular tests such as
XRD, XPS, etc. It is almost impossible to use this method to synthesize enough materials for a
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systematic study on applications such as solar cell, photocatalysis which need fairly large amount
of sample. Industrial applications may be limited by the cost of materials, insufficient material
characterization, and concerns over long-term instability.
2.2.2 Anodization of metallic Ti
Based on the same mechanism as the preparation of anodic alumina membrane
mentioned in the previous section, highly ordered TiO2 nanotube arrays can be fabricated
through direct electrochemistry anodization of titanium films. In 2001 Grimes et al reported the
preparation of self-organized TiO2 nanotube arrays by direct anodization of titanium foil in a
H2O–HF electrolyte at room temperature [33]. The nanotubes were oriented in the same direction
perpendicular to the surface of the electrode, forming a continuous film. A number of fluorideion-containing electrolytes, including NH4F–(NH4)2SO4,[34] HF in dimethyl sulfoxide (DMSO)–
ethanol mixture,[35] phosphate,[36] acetate,[37] and non-acidic Na2SO4–NaF,[38] have been
used. The internal diameter of the tubes can be as small as 20 nm, while the length of the tube
can be less than 2.4 um. As prepared, the TiO2 nanotubes have an amorphous crystal structure;
after calcination at 500 °C, the crystal structure was reported to correspond to an anatase and
rutile mixture. The advantage of TiO2 nanotubes produced by anodization is that they have been
effectively immobilized on a titanium surface during preparation. As a result, these nanotubes
have several possible applications. It was recently found that the electroconductivity of a TiO2
nanotube film increases by several orders of magnitude in the presence of gaseous hydrogen at
290 °C, making this material promising for hydrogen sensing. Similar TiO2 nanotubes have also
demonstrated promise as photocatalytic, self-cleaning surfaces or as photoanodes for water
splitting [39-41]. The disadvantage of the nanotubes fabricated this way also comes from its
inability to separate from each other in a normal manner and from the substrate. They can only
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be used as a monolithic device of ordered nanotube array on top of titanium substrate. Another
drawback arises from the poor control over crystal structure. One can not tune the crystalline
phase among rutile, anatase, brookite, amorphous by heat-treatment.
2.2.3 Alkaline hydrothermal method
In 1998, Kagusa et al. produced the single crystalline titania nanotubes by simply treating
the amorphous TiO2 precursor in concentrated sodium hydroxide aqueous solution without the
presence of sacrificial templates or surfactants at hydrothermal condition [42], which paved a
new pathway for the synthesis of 1-D oxides of titanium. Since then extensive experimental and
theoretical modeling research was conducted to study the mechanism of 1-D nanostructure
formation, phase transformation behaviors, and the stability of crystal structure [43-76]. It has
been demonstrated that all polymorphs of TiO2 (anatase, rutile, brookite, or amorphous forms)
can be transformed to the nanotubular or nanofibrous TiO2 under alkaline hydrothermal
conditions [77-79]. In a typical process, several grams of TiO2 raw material can be converted to
nanotubes/nanowires, with close to 100% efficiency, in a polytetrafluoroethylene-lined stainless
steel autoclave, at temperatures of 110–250 °C, followed by washing with water and HCl. Table1
gives a general summary of the recent research results from different groups. It can be seen from
Table 1 that there are many controversial points on the crystal structure, formation and
transformation of nanotubes and nanowires. When Kagusa et al made the nanotubes at the first
time, they identified the products as anatase titania based on the selected area electron diffraction
(SAED) analysis [42]. This argument was further supported by the SAED and the high resolution
transmission electron microscope (HRTEM) studies by Yao et al. (in 2003) and by the X-ray
diffraction (XRD) analysis by Zhang et al. (2002) and Lin et al. (2002) [47-49]. In the meantime,
Peng et al. performed theoretical simulations on the crystal structure of the hydrothermal
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products, concluding that the as-synthesized nanotubes are hydrogen titanate (H2Ti3O7) (20012003) [43-45]. This finding was consistent with the results from most of the recent publications
from 2003 to now [46, 47, 55, 58-63]. It has been an accepted fact that the freshly washed
products are titanates instead of titania. However, debates still exist on the exact stoichiometry
and specific crystal structure of the titanates. Ma et al. argued that the crystal structure
corresponded to neither titania nor H2Ti3O7, but Lepidocrocite-type titanate in the form of HxTi2x/4□x/4O4

[51-53]. The identity of as-synthesized hydrogen titanate nanostructures has been under

debate till now. A more specific and systematic review on the crystal structures of titania
nanostructures can be found in Ref. [66]. Another debating issue is the phase transformation
induced by post-treatment during the synthesis process of titania nanostructures. Kagusa et al.
first proposed that the nanotubes were formed during the washing process [42]. Later research
found that the shape of nanostructure did not change during washing [44]. However, researchers
found that the washing process affected the crystal structure of the final product [64]. Extended
work was therefore performed to investigate the effects of the washing treatment of the titanate
nanotubes and nanowires in different environments. It was found that the as-synthesized
nanotubes/nanowires in different environment (like acid or base, ambient or hydrothermal, even
the treatment time) were subject to series of interesting transformations [58, 63, 65, 68]. But the
research on the second wet-chemical treatment of the synthesized materials was sporadic and
also found inconsistent. Since the experimental facts appear conflicting and confusing, we
believe a systematic investigation on the entire synthesis process by finely controlling each
detailed step is necessary to render us master of this strategy and pave the basis of the whole
thesis.
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The materials synthesized via alkaline hydrothermal method are free-standing nanotubes
or nanowires, which is contrary to the ordered array or bundles fabricated using the
aforementioned two strategies. The hydrothermal method also possesses advantages of being
able to scale-up manufacture and high purity of products. The two features make this method
suitable for generate materials with desired attributes for systematical investigation and practical
application.
Both titanate and titania are semiconductors. Titanate has wide band-gap while titania has
narrow band-gap. Layered structure of hydrogen titanate makes it excellent ion-exchange
materials. The possibility of deposition of metal or other caralysts also provides titanate promise
in the area of application in electrocatalysis. The ability of titanate nanotubes to reversibly
accumulate molecular hydrogen with a relatively high uptake, over a wide range of temperatures
from a wide temperature range [81, 82] opens up the possibility of hydrogen storage and related
applications. The synthesized titania could be used in photocatalysis, gas sensors based on its
semiconducting conductivity. TiO2 (B) nanowires and nanotubes derived from calcination of
hydrogen titanate at appropriate temperature attract attention as a possible negative electrode for
rechargeable lithium batteries owing to their mesoporous structure, efficient transport of lithium
ions, better capacity retention on cycling and good ion-exchange ratio, which results in a high
value of charge/discharge capacity, good kinetic characteristics, and very good robustness and
safety [74-76].
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Table 2.2 Nanostructures of different crystal phase prepared from different research groups

Hydrothermal
treatment
temperature/
time
110 ºC/20h

Washing procedure
(solution/final pH)

As-washed
product

Calcination Effect
(temperature/As-calcined product)

0.1M HCl+H2O/pH<7

--

130 ºC/72h

H2O/ethanol/acetone/pH=7

Anatase TiO2
nanotube
H2Ti3O7 nanotube

110 ºC/4h

0.1M HNO3 for 2h + H2O
for 14h/*
0.01M H2SO4
+0.5MH2SO4/*
Dilute
HCl+H2O+ethanol/*
0.1M HNO3 +H2O/*

110 ºC/20-30h
200 ºC/24h
150 ºC/12h
140 ºC/48h

H2O/pH= 8
0.1MHNO3/pH= 7

100-150 ºC/1272h

Dilute HCl+H2O/*

110 ºC/20h

Ethanol/dilute
HCl/H2O/pH12.0-3.5
0.1M HCl/pH=7

130-180 ºC/48h

H2Ti3O7+TiO2-B
nanotube
Sulfated anatase
TiO2 nanotube
Anatase nanowire
Anatase TiO2
nanotube
H2Ti3O7 nanotube
H2Ti3O7
nanosheet
Lepidocrocitetype
titanate(e.g.,HxTi2x/4□x/4O4)
nanotube
Na2xHxTi2O4(OH)2
H2T3O7 nanotube
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Crystal
Structure
analytical
technique
ED

Kagusa et al.,1998[42]

--

SAED +
XRD
XRD

Peng et al., 2001-2003[4345]
Gedanken et al., 2001[46]

--

EDX+XPS

Lin et al., 2002[47]

--

XRD

Li et al., 2002[48]

--

SAED

Wang et al., 2003[49]

550 ºC/ sodium
titanate***
550 ºC/ anatase***

XRD

Sun et al., 2003[50]

--

XRD+ED

Ma et al., 2003[51]

--

XRD+ED

Jin et al., 2003[54]

--

XRD

Su et al., 2004[55]

--

Ref.

Hydrothermal
treatment
temperature/time

Washing procedure
(solution/final pH)

As-washed
product

Calcination Effect
(temperature/ Ascalcined product)

110-150 ºC/24h

0.1M HCl/pH<7

TiO2 nanotube

0.05M H2SO4/H2O/pH=7

Nanotube at 140
ºC /nanofiber at
190 ºC **
H2T3O7 nanofibers

120-190 ºC/22h
155-200 ºC/48h

0.1M HCl/pH=7

150 ºC /72h

HCl/*

H2TixO2x+1
nanofibers

120 ºC/30h

H2O/*

Anatase and
H2Ti3O7 nanotube

0.1M HCl/*

Anatase and
H2Ti3O7 nanotube

1M HCl/*

Pure anatase
nanotube
H2Ti3O7 nanotube

130 ºC/40h

H2O/pH=7

--

Crystal
Structure
analytical
technique
XRD

Teng et al., 2004[56]

--

XRD

Bavykin et al., 2004[57]

--

XRD

Zhu et al., 2005[58]

400 ºC/TiO2B
nanofiber
700 ºC/anatase
nanofiber
650 ºC/Sodium
titanate and
anatase***
650 ºC/Sodium
titanate and
anatase***
650 ºC
/Anatase***
--

XRD

Pavasupree et al.,
2005[59]

XRD

Poudel et al., 2005[60]

ED

Wu et al., 2006[61]

Ref.

H2Ti3O7 nanowire

180 ºC/30h
200 ºC/20h

0.1M HCl for 8min two
times/*

H2Ti3O7 nanorod

500 ºC/TiO2-B
nanorod

XRD

Kolen’ko et al., 2006[62]

140 ºC/22h

0.1M H2SO4 for over
30min/H2O/pH7

H2Ti3O7 nanotube

--

XRD

Bavykin et al., 2006[63]
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Hydrothermal
treatment
temperature/time

Washing procedure
(solution/final pH)

As-washed
product

Calcination Effect
(temperature/ Ascalcined product)

130 ºC/24h

1M HCl/1M NaOH
/pH12.2

Na2xHxTi2O5▪H2O
nanosheet
Na2xHxTi2O5▪H2O
nanotube
Tubostratic
anatase TiO2
nanosheet
HxTi2-x/4□x/4O4
nanotube at 120
ºC and nanowire
at 180 ºC

1M HCl/ 6.3-1.6
1M HCl/ 0.38

110-190 ºC/12h1week

H2O/0.1M HCl/pH=7

Note: *pH of final washing solution is not specified in the reference
**the crystal structure is unsure in the reference
***the morphology is not characterized in the reference
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--

Crystal
Structure
analytical
technique
XRD+SAED

Teng et al., 2006[64]

--

XRD

Wong et al., 2006[65]

Ref.

2.3 TiO2 Photocatalysts
Photocatalysis by semiconductors was inspired by the photocatalytic splitting of water on
the TiO2 electrode [1]. This event marked the beginning of a new era in heterogeneous. Since
then, research efforts in understanding the fundamental processes and in enhancing the
photocatalytic efficiency of TiO2 as well as in developing and designing novel forms of TiO2
materials and devices have come from extensive research performed by chemists, physicists, and
chemical and material engineers [2-10]. Such studies were often related to energy renewals and
energy storage in the first two decades. Recently, the civilian, commercial, and defense sectors of
most advanced industrialized nations are faced with a tremendous set of environmental problems
related to the remediation of hazardous wastes, contaminated ground waters, and the control of
toxic air contaminants [7, 23]. This demand has inspired the application of TiO2 based
photocatalysts in total destruction of organic compounds in polluted air and wastewater.
2.3.1 Fundamentals of TiO2 photocatalysts
Fig. 2.5 shows the general mechanistic parthways for heterogeneous photocatalysis
process on TiO2. The following paragraphs will discuss the detailed steps specified in the chart.

(1) Charge separation
In a heterogeneous photo-catalysis system, photo-induced molecular transformations or
reactions take place at the surface of a catalyst. Depending on where the initial excitation occurs,
photocatalysis can be generally divided into two classes of processes. When the initial
photoexcitation occurs in an adsorbate molecule which then interacts with the ground state
catalyst substrate, the process is referred to as a catalyzed photoreaction. When the initial
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photoexcitation takes place in the catalyst substrate and the photoexcited catalyst then transfers
electron or energy into a ground state molecule, the processis referred to as a sensitized
photoreaction. The term “photocatalysis of TiO2” in the overall thesis refers to the former—
catalyzed photoreaction. The initial excitation of the system is followed by subsequent electron
transfer and/or energy transfer. It is the subsequent deexcitation processes (via electron transfer
or energy transfer) that leads to chemical reactions in the heterogeneous photocatalysis process.
Two different crystal structures of TiO2, rutile and anatase, are commonly used in
photocatalysis, with anatase showing a higher photocatalytic activity. The lattice structural
characteristics of anatase and rutile TiO2 have been detailed in Section 2.1. The electronic
structure of semiconductors such as TiO2 can be characterized or generalized by a filled valence
band and an empty conduction band. When a photon with the energy of hv matches or exceeds
the bandgap energy, Eg, of the semiconductor, and electron, is promoted from the valence band,
VB, into the conduction band, CB, leaving a hole behind. Once excitation occurs across the band
gap there is a sufficient lifetime, in the nanosecond regime, for the created electron-hole pair to
undergo charge transfer to adsorbed species on the semiconductor surface from solution or gas
phase contact [7].

(2) Charge transfer and recombination
The initial process for heterogeneous photocatalysis of organic and inorganic compounds
TiO2 is the generation of electron-hole pairs in the semiconductor materials. Upon excitation, the
fate of the separated electron and hole can follow several pathways: they can recombine and
dissipate the input energy as heat, get trapped in metastable surface states, or react with electron
donors and electron acceptors adsorbed on the semiconductor surface or within the surrounding
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electrical double layer of the charged materials. The photoinduced electron transfer to adsorbed
organic or inorganic species or to the solvent results from migration of electrons and holes to the
semiconductor surface. The electron transfer process is more efficient if the species are preadsorbed on the surface. While at the surface the semiconductor can donate electrons to reduce
and electron acceptor (usually oxygen in an aerated solution); in turn, a hole can migrate to the
surface where an electron from a donor species can combine with the surface hole oxidizing the
donor species [82]. The probability and rate of the charge transfer processes for electrons and
holes depends upon the respective positions of the band edges for the conduction and valence
bands and the redox potential levels of the adsorbate species. The valence band holes are
powerful oxidants (+1.0 to +3.5 vs NHE depending on the semiconductor and pH), while the
conduction band electrons are good reductants (+0.5 to -1.5 vs NHE) [7]. In competition with
charge transfer to adsorbed species is electron and hole recombination. Recombination of the
separated electron and hole can occur in the body of the semiconductor particle or on the surface
with the release of heat. The efficiency of the photocatalytic process is evaluated by a quantum
yield which is defined as the number of events occurring per photon absorbed [6]. To determine
the efficiency or quantum yield, a combination of all the pathway probabilities for the electron
and hole must be considered. The quantum yield for an ideal system, Φ, given by the simple
relationship:
K ct
[6]
K ct + K r
is proportional to the rate of the charge transfer processes and inversely proportional to the sum
Φ∝

of the charge transfer rate kct and the electron hole recombination rate. It is assumed that
diffusion of the products into the solution occurs quickly without the reverse reaction of
electrons recombining with donors and holes recombining with acceptors. The rate of charge
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transfer would be dependent on the diffusion of charge carriers to the surface in the absence of
excess surface charge without recombination the ideal case. However, in a real system,
recombination does occur and the concentration of the electrons and holes at the surface is not
equal. For example, charge carrier traps are used to promote the trapping of electrons and holes
at the surface leading to a more efficient charge transfer process.
The overall quantum efficiency for interfacial charge transfer is determined by two
critical processes [7]. They are the competition between charge carrier recombination and
trapping (picoseconds to nanoseconds) followed by the competition between trapped carrier
recombination and interfacial charge transfer (microseconds to milliseconds). An increase in
either the recombination lifetime of charge carriers or the interfacial electron-transfer rate
constant is expected to result in higher quantum efficiencies for steady-state photocatalysis. For
example, the synergistic effect in anatase/rutile structure of P25 relies in the promotion of
charge-pair separation and inhibition of recombination [83].
Obviously electron and hole recombination is detrimental to the efficiency of a
semiconductor photocatalyst. Recombination of the photoexcited electron-hole pair needs to be
retarded for an efficient charge transfer process to occur on the photocatalyst surface. Charge
carrier trapping would suppress recombination and increase the lifetime of the separated electron
and hole to above a fraction of a nanosecond [84]. In the preparation of colloidal and
polycrystalline photocatalysts, ideal crystal lattices of the semiconductors are not produced.
Instead, surface and bulk irregularities naturally occur during the preparation process. The
irregularities are associated with surface electron states which differ in their energy from the
bands present in the bulk semiconductor. The electron states serve as charge carrier traps and
help suppress the recombination of electrons and holes [85].
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The nature of surface defect sites depends on the method of chemical preparation. The
energy levels of the bulk and surface state traps fall within the band gap of the semiconductor.
These surface and bulk states are localized. The charge carriers trapped in such states are
localized to a particular site on the surface or in the bulk. The population of bulk and surface
traps is dependent on the energy difference between the trap and the bottom of the conduction
band and the decrease in entropy when the electron undergoes trapping [86]. Experimentally,
trapping of conduction band electrons generated by picosecond laser photolysis of colloidal TiO2
has been observed [87]. Time-resolved transient absorption of trapped electrons has
demonstrated a lifetime in the nanosecond time range [88]. Electron paramagnetic resonance
(EPR) spectroscopy experiments of illuminated colloidal TiO2 at 4.2K have shown the existence
of trapped photogenerated electrons (to form Ti3+ defect sites) within the bulk of the
semiconductor [89].
Although the above physical events are generally accepted as the initial step for the
photooxidation process, the subsequent chemical events at the liquid-solid interface remain an
ambiguous and controversial issue. The trapped holes have been proposed to directly oxidize
adsorbate molecules, or to react with surface hydroxyl groups to produce hydroxyl radicals
which are strong oxidizing agents. The chemical identification of hydorxylated oxidation
intermediates and the ESR detection of hydroxyl radicals appear to support the hydroxyl radical
mechanism [90]. However, these data do not permit the unambiguous delineation of the OHdriven mechanism versus the direct hole oxidation mechanism since similar reaction
intermediates are expected from these two schemes in an aqueous system. In this thesis we
assume the hole and surface-bound hydroxyl radical as the equivalent oxidizing agents. Another
ambiguity lies in the identification of the role of superoxide or peroxide ions in the
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photodegradation reaction. The trapped electrons are believed to react with pre-adsorbed
molecular oxygen to produce O2- or O22- anions [91]. However, the ultimate fate of these
activated oxygen species was not determined. They may directly oxidize organic species,
protonate to generate hydroperoxide radicals and hydroxyl radicals, or further react with more
trapped electrons to eventually form water, either way of which also contributes to the overall
photodegradation efficiency.
Furthermore, from a comprehensive view, although most organic photodegradation
reactions utilize the oxidizing power of the charge carriers either directly or indirectly, to keep
the charge balance one must also provide a reducible species to complete the redox cycle. In a
steady state photocatalytic reaction, the rate of oxidation by the holes has to be balanced by the
rate of reduction by the electrons. Either of these reactions can be rate determining. In contrast,
on bulk semiconductor electrodes only one species, either the hole or electron, is available for
reaction due to band bending [92]. However, in very small semiconductor particle suspensions
both species are present on the surface. Therefore, careful consideration of both the oxidative and
reductive paths is required [7]. It was found by Gerischer and coworkers that the rate of
photooxidation is equal to and limited by the reduction rate of dissolved oxygen in the solution
[93]. It was theoretically predicted and experimentally confirmed that when O2 is not reduced at
a sufficiently high rate, electrons accumulate on the photocatalyst particles, and the rate of
radiationless recombination is enhanced until the sum of the electron-hole recombination and the
electron transfer to O2 is equal to the rate of the hole photogeneration. Thus, to evaluate the
photocatalytic reaction by semiconductor, one must take the parthways and fates of both
photogenerated holes and electrons into consideration. The complexity of the liquid-solid
interface presents many more variables to be dealt with in kinetics studies. Such parameters
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include the surface composition, surface area, preparation procedures, and concentration of the
photocatalyst, the pH of the solution and its effect on the surface structure, the concentration of
the reactants, the solvent environment, the partial pressure of oxygen, the diffusion rate in
solution and near the surface, etc [6]. Care must be taken with the controllable parameters, or
discrepancies will occur in the experimental results.
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10. O2-/O22-/OH▪ + Substrate (Red) Æ Red· + O2/ O2-/ OHFigure 2.4 General mechanistic parthways for heterogeneous photocatalysis on TiO2
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2.3.2 One-dimensional TiO2 nanostructures as photocatalysts
By using TiO2 as a catalyst, the photooxidation of organics may be used for
decontamination treatment in polluted waters [19]. Such applications have inspired a vast
amount of research. The solid photocatalysts studied include colloidal particles, high surface area
powders, and single crystal surfaces. The application of 1-D nanostructures have only been
reported on nanotube arrays fabricated by template method [94]. Although the experimental
investigation is limited, the unique advantages of 1-D nanostructures in photocatalysis have been
proposed by theoretical studies [95-103]. As presented in the previous section, to devise high
performance photocatalysts one has to manipulate three processes- charge separation, charge
transfer and charge recombination in a desirable way. The unique structural characteristics of 1D nanostructures present the potent to enhance the overall photocatalytic efficiency by affecting
these three processes. The charge carriers in 1-D nanostructures were predicted to be more
delocalized and possess higher mobility, which could facilitate the interfacial charge transfer to
the adsorbed substrates [100]. The single crystal 1-D structures have specific surface facets
dominated. It was shown that certain crystal facets have relatively higher reactivity (like, with
oxygen) than others [101, 102]. Hence, the 1-D structure offers this unique opportunity to devise
highly active catalytic unit compared to other nanomaterial counterparts. It was demonstrated
that some facets are highly reductive while some facets are preferential to the oxidation reactions
[103]. The separation of the redox reactions also distance the electrons and holes, thus reduced
the recombination probability.
The different recombination lifetimes and interfacial electron-transfer rate constants may
be due to different crystal defect structures and surface morphologies arising from different
preparation methods. The extensive experimental experiences and knowledge from the
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photocatalysis study of single-crystal films could significantly facilitate our exploration to
fundamental mechanisms of the single-crystal 1-D structures photocatalysts as well as the
material devise and optimization by manipulation of surface physics and chemistry through
preparation modifications.

2.4 Nitrogen-doped TiO2 materials
The pristine titanium oxides as photocatalysts only adsorb UV light owing to its large
band gap (about 3.2 eV). The UV light counts merely 5% of total solar light spectrum.
Researchers have resort to various modification means to extend the absorption band of TiO2
into visible light range, aiming to maximizing the utilization of natural solar resources [22]. The
idea of doping titania materials with non-metal elements to enhance its absorption in the visible
light range originated from theoretical calculation [104]. It was first suggested by Asahi et al that
these non-metal species such as N, F, S, Cl that substitute the oxygen lattice of TiO2 can lead to a
band gap narrowing, resulting in visible light response [104]. Among all the doping species,
nitrogen is the most interested impurity due to the resulted high activity of modified materials
and has attracted lots of work. Asahi et al showed that the N dopant induces a significant shift of
the photo absorption edge to lower energy, therefore yielding a dramatic improvement over
undoped TiO2 in its optical absorption and photocatalytic activity for visible light [104, 105].
Lots of theoretical analysis work has also been done on nitrogen-doped titania materials to study
the origin of its visible light activity [104-110]. It is still under debate whether it is due to a real
band gap narrowing resulted from the moving-up of valence band edge or just the existence of
mid-gap states induced by the impurity. Fig.2.5 shows the schematic illustration of the expected
energy bands for N-doped TiO2 (anatase) according to the “mid-gap states theory” proposed by J.
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Lee et al and K. Yang et al. The doped nitrogen species (such as NHx) give rise to a (occupied)
midgap (N-2p) level slightly above the top of the (O-2p) valence band and visible-light
illumination produces “holes” in the midgap level, whereas UV illumination produces holes in
the (O-2p) valence band.

CB

e - eVis

UV

h+

N2p
O2p

VB h+

Figure 2.5 Schematic illustration of the energy bands for N-doped anatase TiO2

From the inception of this idea, many experiments have been done on nitrogen-doped
titania materials [111-131] in terms of synthesis, the chemical states of the dopants, the
electronic structure and optic characteristics as well as the photocatalytic activity. Most work is
focused on films and particles because only minor or simple modifications on available methods
to fabricate traditional plain titania materials are needed [111-129]. Sputtering has been used to
produce titania films and ion implantation is used to dope nitrogen atoms [120]. As a wetchemical route, sol-gel is found to be the most feasible and widely employed way to achieve
nitrogen doping, because in the process of sol-gel, inorganic or organic species containing
nitrogen can be incorporated and upon gelation and calcination, some nitrogen atoms will be
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mixed into the titania lattice [111, 112, 116, 119, 122, 128, 131]. However, neither of the two
approaches above is feasible to produce free-standing one dimensional structured material. So far
very few reports exist on synthesis of doped titania 1D materials and its application [130, 131].
Hydrothermal synthesized one dimensional nanomaterials have interesting properties,
few of which has been explored by researchers. There have been very few reports on N-doped
titania one dimensional nanomaterials, due to the deficiency of appropriate candidate routes
[131]. The interesting property of hydrothermal synthesized hydrogen titanate nanomaterials
provides just the opportunity to this intent.
There also exist ambiguities and inconsistencies on the chemical states of doped nitrogen
and its effect on the modified electronic structure of titania. XPS measurement is usually taken to
identify the chemical nature of the dopants. However, conflicting interpretations on the N1s
photoelectron spectrum are frequently seen. So far there is no concensus on the assignment of
N1s XPS spectrum and even the position of the peaks. In some papers the peak appeared at
~396eV and was assigned to substitutional nitrogen doping, while more literatures reported the
total absence of that peak and detected peaks at higher binding energy above 400eV and assigned
this peak to substitutional dopants [104-131]. Also it could be found both of the two peaks can be
found in some other literature [121]. Peaks around 398eV were also seen but less frequently
[129].
The nitrogen doping effects on the photocatalysis performance are usually reported to be
positive. The photoactivity upon UVA irradiation could be retained or even increased a little bit
due to higher charge mobility. The visible light photoactivity could be generated. However, it
usually shows a dependence on the nitrogen concentration. Some results present that the
photocatalytic activity increases as the nitrogen concentration increases. But it was also reported
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that when the nitrogen doping level exceeds a certain value, the photocatalytic activity is
suppressed. The final doping effect of nitrogen species as well as the photocatalysis performance
strongly and directly associated with the preparation method used. Thus it is essential to carry
out the analysis in a cohesive and well-round manner.

2.5 Surface chemistry mediated phase transition
As mentioned in Section 2.2, it was found that the washing step also influences the as
obtained hydrothermal product. D. V. Bavykin et al found that immersion of the obtained
hydrogen titanate nanotubes in an acidic aqueous solution for long time (1 month) resulted a
transition into anatase phase [63]. H. Y. Zhu et al carried out experiments by hydrothermal
treating the hydrogen titanate nanostructures in neutral or acidic aqueous solution and found such
phase transitions could happen within 2 days [58]. This series of phase transformation is
intrinsically different from the traditional TiO2 nanomaterials synthesis which is based on
hydrolysis or solvolysis of Ti-containing species in a homogeneous system and then followed by
nucleation and growth processes. This transformation is a heterogeneous in-situ initiated from
the solid-liquid interface, presenting a dependence on the surface chemistry of the starting
material. This novel idea of “surface chemistry mediated phase transformaiton” was recently
initiated by Saponjic et al when studying the transition between nanotube and nanosheet
structure with concomitant phase transformation [134]. Barnard and Curtiss then carried out a
thermodynamic modeling work to support this hypothesis by investigating the effects of surface
chemistry on the morphology and phase stability of titanium dioxide nanoparticles based on
surface free energies and surface tensions obtained from first principles calculations [135]. It was
found that surface representing acidic and alkaline conditions have a significant influence on
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both the shape of the nanocrystals and the anatase-to-rutile transition size. The latter introduces
the possibility of inducing phase transitions by changing the surface chemistry.
The phase transformation of hydrogen titanate nanostructures especially nanobelts under
hydrothermal conditions offers excellent opportunity to study the mechanisms of the surface
chemistry mediated in-situ reaction which is deficient and urgent. Nanobelt with preferential
crystal facets exposed to the ambient environment could act as an interesting nano-unit resemble
of single crystalline film whose surface chemistry knowledge has been accumulated for a while
and could be referenced.
When the phase transformation could happen under hydrothermal conditions, one cannot
rule out the possibility of such reaction under solvothermal conditions. It is of technological
significance if such solvothermal transformation could happen, since one can further achieve
various modifications of the obtained products, to name a few, using solvents containing the
dopant element to realize chemical doping, modulating the surface chemistry via addition of
surfactants, etc.

References
[1] Fujishima, A.; Honda, K. Nature 1972, 37, 238.
[2] Fujishima, A.; Rao, T. N.; Tryk, D. A. J. Photochem. Photobio. C 2000. 1, 1.
[3] Tryk, D. A.; Fujishima, A.; Honda, K. Electrochim. Acta 2000, 45, 2363.
[4] Grätzel, M. Nature 2001, 414, 338.
[5] Hagfeldt, A.; Grätzel, M. Chem. Rev. 1995, 95, 49.
[6] Linsebigler, A. L.; Lu, G.; Yates, J. T., Jr. Chem. Rev. 1995, 95, 735.
[7] Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. W. Chem. Rev. 1995, 95, 69

38

[8] Goresy, A. E.; Chen, M.; Dubrovinsky, L.; Gillet, P.; Graup, G. Science 2001, 293, 1467.
[9] Smyth and Bish (1988) "Crystal Structures and Cation Sites f the Rock-Forming Minerals"
Allen & Unwin http://ruby.colorado.edu/~smyth/min/minerals.html.
[10] Carp, O.; Huisman, C. L.; Reller, A. Progress in Solid State Chemistry 2004, 32, 33.
[11] Marchand, R.; Brohan, L.; Tournoux, M. Mater. Res. Bul. 1980, 15, 1129.
[12] Latroche, M.; Brohan, L.; Marchand, R.; Tournoux, M. J. Solid State Chem. 1989, 81, 78.
[13] Akimoto, J.; Gotoh, Y.; Osawa, Y.; Nonose, N.; Kumagai, T.; Aoki, K.; Takei, H. J. Solid
State Chem. 1994, 113, 27.

[14] Praff, G.; Reynders, P. Chem. Rev. 1999, 99, 1963.
[15] Zallen, R.; Moret, M. P. Solid State Commun. 2006, 137, 154.
[16]Braun, J. H.; Baidins, A.; Marganski, R. E. Prog. Org. Coat. 1992, 20, 105.
[17] Plieth, W. Electrochemistry for Materials Science Elsevier: 2008 pp53.
[18] http://www.worldchanging.com/archives/000844.html
[19] Parsons, S. Advanced oxidation processes for water and wasterwater treatment, IWA
Publishing: 2004, pp168.
[20] Nalwa, H. S. Encyclopedia of Nanoscience and Nanotechnology, American Scientific
Publishers: 2004
[21] Ratner, D. Nanotechnology: A gentle introduction to the next big idea, Prentice Hall PTR:
2003
[22] Chen, X.; Mao, S. S. Chem. Rev. 2007, 107, 2891.
[23] Hester, R. E.; Harrison, R. M.; Nanotechnology: consequences for human health and
environment, Royal Society of Chemistry: 2007 pp8.

39

[24] Wu, J. M.; Zhang, T. W.; Zeng, Y. W.; Hayakawa, S.; Tsuru, K.; Osaka, A. Langmuir 2005,
21, 6995.

[25] Peng, X.; Chen, A. Appl. Phys. A 2005, 80, 473.
[26] Wu, J. M.; Shih, H. C.; Wu, W. T. Nanotechnology 2006, 17, 105.
[27] Hulteen, J. C.; Martin, C. R. J. Mater. Chem. 1997, 7, 1075.
[28] Wang, J.; Manivannan, A.; Wu, N. Q. Thin Solid Films 2008, 517, 512.
[29] Sander, M. S.; Cote, M. J.; Gu, W.; Kile, B. M.; Tripp, C. P. Adv. Mater. 2004, 16, 2052.
[30] Wen, T.; Zhang, J.; Chou, T. P.; Limmer, S. J.; Cao, G. J. Sol-Gel Sci. Tech. 2005, 33, 193.
[31] Limmer, S. J.; Seraji, S.; Wu, Y.; Chou, T. P.; Nguyen, C.; Cao, G. Adv. Funct. Mater. 2002,
12, 59.

[32] Kovtyukhova, N. I.; Martin, B. R.; Mbindyo, J. K. N.; Mallouk, T. E.; Cabassi, M.; Mayer,
T. S. Mater. Sci. Engr. C. 2002, 19, 255.
[33] Gong, D.; Grimes, C. A.; Varghese, O. K.; Hu, W.; Singh, R. S.; Chen, Z.; Dickey, E. C. J.
Mater. Res. 2001, 16, 3331.

[34] Taveira, L. V.; Macak, J. M.; Tsuchiya, H.; Dick, L. F. P.; Schmuki, P. J. Electrochem. Soc.
2005, 152, B405.
[35] Ruan, C.; Paulose, M.; Varghese, O. K.; Mor, G. K.; Grimes, C. A. J. Phys. Chem. B 2005,
109, 15754.

[36] Ghicov, A.; Tsuchiya, H.; Macak, J. M.; Schmuki, P. Electrochem. Commun. 2005, 7, 505.
[37] Tsuchiya, H.; Macak, J. M.; Taveira, L.; Balaur, E.; Ghicov, A.; Sirotna, K.; Schmuki, P.
Electrochem. Commun. 2005, 7, 576.

[38] Macak, J. M.; Sirotna, K.; Schmuki, P. Electrochim. Acta 2005, 50, 3679.

40

[39] Varghese, O. K.; Gong, D.; Paulose, M.; Ong, K. O.; Dickey, E. C.; Grimes, C. A. Adv.
Mater. 2003, 15, 624.

[40] Mor, G. K.; Carvalho, M. A.; Varghese, O. K.; Pishko, M. V.; Grimes, C. A. J. Mater. Res.
2004, 19, 628.
[41] Mor, G. K.; Shankar, K; Paulose, M.; Varghese, O. K.; Grimes, C. A. Nano Lett. 2005, 5,
191.
[42] Kasuga, T.; Hiramatsu, M.; Hoson, A.; Sekino, T.; Niihara, K. Langmuir 1998, 14, 3160.
[43] Du, G. H.; Chen, Q.; Che, R. C.; Yuan, Z. Y.; Peng, L-M. Appl. Phys. Lett. 2001, 79(22),
3702.
[44] Chen, Q.; Zhou, W.; Du, G.; Peng, L-M. Adv. Mater. 2002, 14(17), 1208.
[45] Zhang, S.; Peng, L-M.; Chen, Q.; Du, G. H.; Dawson, G.; Zhou, W. Z. Phys. Rev. Lett. 2003,
91(25), 2561031.

[46] Zhu, Y.; Li, H.; Koltypin, Y.; Hacohen, Y. R.; Gedanken, A. Chem. Commun. 2001,
2616.
[47] Lin, C-H.; Chien, H.; Chao, J-H.; Sheu, C-Y.; Cheng, Y-C.; Huang, Y-J.; Tsai, C-H.
Catal. Lett. 2002, 80(3-4), 153.

[48] Zhang, Y. X.; Li, G. H.; Jin, Y. X.; Zhang, Y.; Zhang, J.; Zhang, L. D. Chem. Phys. Lett.
2002, 65, 300.
[49] Yao, B. D.; Chan, Y. F.; Zhang, X. Y.; Zhang, W. F.; Yang, Z. Y.; Wang, N. Appl. Phys.
Lett. 2003, 80(2), 281.

[50] Sun, X.; Li, Y.; Chem. Eur. J. 2003, 9, 2229.
[51] Ma, R.; Bando, Y.; Sasaki, T. Chem. Phys. Lett. 2003, 380, 577.
[52] Ma, R.; Bando, Y.; Sasaki, T. J. Phys. Chem. B. 2004, 108, 2115.

41

[53] Ma, R.; Fukuda, K.; Sasaki, T.; Osada, M.; Bando, Y. J. Phys. Chem. B. 2005, 109,
6210.
[54] Yang, J.; Jin, Z.; Wang, X.; Li, W.; Zhang, J.; Zhang, S.; Guo, X.; Zhang, Z. Dalton
Trans. 2003, 3898.

[55] Yuan, Z-Y.; Su, B-L. Colloid Surf. A. 2004, 241, 173
[56] Tsai, C-C.; Teng, H. Chem. Mater. 2004, 16, 4352.
[57] Bavykin, D. V.; Parmon, V. N.; Lapkin, A. A.; Walsh, F. C. J. Mater. Chem. 2004, 14, 3370.
[58] Zhu, H. Y.; Lan, Y.; Gao, X. P.; Ringer, S. P.; Zheng, Z. F.; Song, D. Y.; Zhao, J. C. J. Am.
Chem. Soc. 2005, 127, 6730.

[59] Pavasupree, S.; Suzuki, Y.; Yoshikawa, S.; Kawahata, R. J. Solid State Chem. 2005,
178, 3110.

[60] Poudel, B.; Wang, W. Z.; Dames, C.; Huang, J. Y.; Kunwar, S.; Wang, D. Z.; Banerjee, D.;
Chen, G.; Ren, Z. F. Nanotechnology 2005, 16, 1935.
[61] Wu, D.; Liu, J.; Zhao, X.; Li, A.; Chen, Y.; Ming, N. Chem. Mater. 2006, 18, 547.
[62] Kolen’ko, Y. V.; Kovnir, K. A.; Gavrilov, A. I.; Garshev, A. V.; Frantti, J.; Lebedev, O. I.;
Churagulov, B. R.; Tendeloo, G. V.; Yoshimura, M. J. Phys. Chem. B. 2006, 110, 4030.
[63] Bavykin, D. V.; Friedrich, J. M.; Lapkin, A. A.; Walsh, F. C. Chem. Mater. 2006, 18, 1124.
[64] Tsai, C-C.; Teng, H. Chem. Mater. 2006, 18, 367.
[65] Mao, Y.; Wong, S. S. J. Am. Chem. Soc. 2006, 128, 8217.
[66] Bavykin, D. V.; Friedrich, J. M.; Walsh, F. C. Adv. Mater. 2006, 18, 2807.
[67] Wei, M.; Konishi, Y.; Zhou, H.; Sugihara, H.; Arakawa, H. Chem. Phys. Lett., 2004,
400, 231.

[68] Nian, J-N.; Teng, H. J. Phys. Chem. B. 2006, 110, 4193.

42

[69] Mao, Y.; Kanungo, M.; Hemraj-Benny, T.; Wong, S.S. J. Phys. Chem. B. 2006, 110,
702.
[70] Zhang, S.; Chen, Q.; Peng, L-M. Phys. Rev. B 2005, 71, 014104.
[71] Payne, M. C.; Teter, M. P.; Allan, D. C.; Arias, T. A.; Joannopoulos, J. D.; Rev. Mod. Phys.
1992, 64, 1045.
[72] Wen, B-M.; Liu, C-Y.; Liu, Y. New. J. Chem. 2005, 29, 969.
[73] Wen, B.; Liu, C.; Liu, Y. Inorg. Chem. 2005, 44, 6503.
[74] Armstrong, G.; Armstrong, A. R.; Bruce, P. G.; Real, P.; Scrosati, B. Adv. Mater. 2006, 18,
2597.
[75] Armstrong, A. R.; Armstrong, G.; Canales, J.; Bruce, P. G. Angew. Chem. Int. Ed. 2004, 43,
2286.
[76] Armstrong, G; Armstrong, A. R.; Canales, J.; Bruce, P. G. Chem. Commun. 2005, 2454.
[77] Kasuga, T.; Hiramatsu, M.; Hoson, A.; Sekino, T.; Niihara, K. Adv. Mater. 1999, 11, 1307.
[78] Lan, Y.; Gao, X.; Zhu, H.; Zheng, Z.; Yan, T.; Wu, F.; Ringer, S. P.; Song, D. Adv. Funct.
Mater. 2005, 15, 1310.

[79] Meng, X-D.; Wang, D-Z.; Liu, J-H.; Zhang, S-Y. Mater. Res. Bull. 2004, 39, 2163.
[80] Bavykin, D. V.; Lapkin, A. A.; Plucinski, P. K.; Friedrich, J. M.; Walsh, F. C. J. Phys.
Chem. B 2005, 109, 19422.

[81] Lim, S. H.; Luo, J.; Zhong, Z.; Ji, W.; Lin, J. Inorg. Chem. 2005, 44, 4124.
[82] Liu, S.; Jaffrezic, N.; Guillard, C. Appl. Surf. Sci. 2008, 255, 2704.
[83] Bickley, R. I.; Gonzalez-Carreno, T.; Lees, J. S.; Palmisano, L.; Tilley, R. J. D. J. Solid
State Chem. 1991, 92, 178.

[84] Warman, J. M.; Haas, M. P. D.; Pichat, P.; Serpone, N. J. Phys. Chem. 1991, 95, 8858.

43

[85] Rothenberger, G.; Moser, J.; Gratzel, M.; Serpone, N.; Sharma, D. K. J. Am. Chem. Soc.
1985, 107, 8054.
[86] Spanhel, L.; Haase, M.; Weller, H.; Henglein, A. J. Am. Chem. Soc. 1987, 109, 5649.
[87] Kennedy, R.; Martini, I.; Hartland, G. Kamat, P. V. J. Chem. Sci. 1997, 109, 497.
[88] Yamakata, A.; Ishibashi, T. Onishi, H. Chem. Phys. Lett. 2001, 333, 271.
[89] Howe, R. F.; Gratzel, M. J. Phys. Chem. 1987, 91, 3906.
[90] Turchi, C. S.; Ollis, D. F. J. Catal. 1989, 119, 483.
[91] Matthews, R. W. J. Catal. 1988, 111, 264.
[92] Memming, R. In Topics in current chemistry; Steckham, E., Ed.; Springer-Verlag: Berlin,
1988; Vol. 143, pp 79.
[93] Gerischer, H. Electrochim. Acta 1993, 38, 3.
[94] Zhu, K.; Neale, R.; Miedaner, A.; Frank, A. J. Nano Lett. 2007, 7, 69.
[95] Xia, Y.; Yang, P.; Sun, Y.; Wu, Y.; Mayers, B.; Gates, B.; Yin, Y.; Kim, F.; Yan, H. Adv.
Mater. 2003, 15(5), 353.

[96] Zuruzi, A. S.; Kolmakov, A.; MacDonald, N. C.; Moskovits, M. Appl. Phys. Lett. 2006, 88,
102904.
[97] Song, M. Y.; Ahn, Y. R.; Jo, S.M.; Kim, D.Y.; Ahn, J-P. Appl. Phys. Lett. 2005, 87, 113113.
[98] Chen, Y. J.; Nie, L.; Xue, X. Y.; Wang, Y. G.; Wang, T. H. Appl. Phys. Lett., 2006, 88,
083105.
[99] Huang, L.; Sun, Z.; Liu, Y. J. Ceram. Soc. Japan 2007, 115(1), 28.
[100] Wang, J.; Tafen, D. N.; Zheng, J. G.; Lewis, J. P.; Wu, N. submitted.
[101] Gong, X. Q.; Selloni, A. J. Phys. Chem. B 2005, 109, 19560.

44

[102] Yang, H. G.; Sun, C. H.; Qiao, S. Z.; Zou, J.; Liu, G.; Smith, S. C.; Cheng, H. M.; Lu, G.
Q. Nature 2008, 453, 638.
[103] Tian, N.; Zhou, Z. Y.; Sun, S. G.; Ding, Y.; Wang, Z. L. Science 2007, 304, 732.
[104] Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Science 2001, 293, 269.
[105] Khan, S. U. M.; Shahry, M. A.; Ingler, W. B. Science 2002, 297, 2243.
[106] Mi, L.; Xu, P.; Shen, H.; Wang, P. Appl. Phys. Lett. 2007, 90, 171909.
[107] Livraghi, S.; Paganini, M. C.; Giamello, E.; Selloni, A.; Valentin, C. D.; Pacchioni, G. J.
Am. Chem. Soc. 2006, 128, 15666.

[108] K. Yang, Y. Dai, B. Huang, S. Han, J. Phys. Chem. B, 2006, 110, 24011.
[109] N. Serpone, J. Phys. Chem. B 2006, 110, 24287.
[110] Lee, J.; Park, J.; Cho, J. Appl. Phys. Lett. 2005, 87, 011904.
[111] Sakthivel, S.; Kisch, H. Angew. Chem. Int. Ed. 2003, 42, 4908.
[112] Cong, Y.; Zhang, J.; Chen, F.; Anpo, M. J. Phys. Chem. C 2007, 111, 6976.
[113] Ho, W.; Yu, J. C.; Lee, S. J. Solid State Chem. 2006, 179, 1171.
[114] Xu, S.; Shangguan, W.; Yuan, J.; Chen, M.; Shi, J. Appl. Catal.B 2007, 71, 177.
[115] Park, J.; Lee, J.; Cho, J. J. Appl. Phys. 2006, 100, 113534.
[116] Belver, C.; Bellod, R.; Fuerte, A.; Fernandez-Garcia, M. Appl. Catal. B 2005, 65, 301.
[117] Yin, S.; Komatsu, M.; Zhang, Q.; Saito, F.; Sato, T. J. Mater. Sci. 2007, 42, 2399.
[118] Wang, J.; Zhu, W.; Zhang, Y.; Liu, S. J. Phys. Chem. C 2007, 111, 1010.
[119] In, S.; Orlov, A.; Garcia, F.; Tikhov, M.; Wright, D. S.; Lambert, R. M. Chem. Commun.
2006, 4236.
[120] Ghicov, A. J.; Macak, M.; Tsuchiya, H.; Kunze, J.; Haeublein, V.; Frey, L.; Schmuki, P.
Nano Lett. 2006, 6, 1080.

45

[121] Premkumar, J. Chem. Mater. 2004, 16, 3980.
[122] Yang, J.; Bai, H.; Tan, X.; Lian, J. Appl. Surf. Sci. 2006, 253, 1988.
[123] Shankar, K.; Tep, K. C.; Mor, G. K.; Grimes, C. A. J. Phys. D: App. Phys. 2006, 39, 2361.
[124] Torres, G. R.; Lindgren, T. J.; Lu, C. G.; Granqvist, S.; Lindquist, E. J. Phys. Chem. B
2004, 108, 5995.
[125] Nakano, Y.; Morikawa, T.; Ohwaki, T.; Taga, Y. Physca B 2006, 823, 376.
[126] Li, H.; Li, J.; Huo, Y. J. Phys. Chem. B 2006, 110, 1559.
[127] Chen, H.; Nambu, A.; Wen, W.; Graciani, J.; Zhong, Z.; Hanson, J. C.; Fujita, E.;
Rodriguez, J. A. J. Phys. Chem. C 2007, 111, 1366.
[128] Reyes-Garcia, E. A.; Sun, Y.; Reyes-Gil, K.; Raftery, D. J. Phys. Chem. C 2007, 111, 2738.
[129] Nakamura, R.; Tanaka, T.; Nakato, Y. J. Phys. Chem. B 2004, 18, 10617.
[130] Huang, L.; Sun, Z.; Liu, Y. J. Ceram. Soc. Japan 2007, 115, 28.
[131] Chu, S.; Inoue, S.; Wada, K.; Li, D.; Suzuki, J. Langmuir 2005, 21, 8035.
[134] Saponjic, Z. V.; Dimitrijevic, N. M.; Tiede, D. M.; Goshe, A. J.; Zuo, X.; Chen, L. X.;
Barnard, A. S.; Zapol, P.; Curtiss, L.; Rajh, T. Adv. Mater. 2004, 17, 965.
[135] Barnard, A. S.; Curtiss, L. A. Nano Lett. 2005, 5, 1261.

46

CHAPTER 3: Hydrothermal Synthesis of 1-D
Titanate and Titania Nanostructures
This chapter deals with the approach for well-controlled synthesis of 1-D titania
nanostructures. The well-developed synthesis technique provides the base for further studies of
the photocatalytic activities of TiO2 nanomaterial. The influences of the synthetic parameters on
the chemical composition, shape and structure of TiO2 nanomaterial are investigated. Fine
control of phase composition, crystal structure, and morphology of the products is achieved. The
mechanism governing the hydrothermal reaction and crystal growth is also proposed.

3.1 Introduction
One-dimensional (1-D) nanostructured (nanowires, nanotubes, and nanorods) materials
have attracted immense interest due to their unique physicochemical properties and important
applications. 1-D nanostructures possess large surface-to-volume ratio, which makes them
promising candidate materials for catalysis, solar-energy conversion, electrochemical energy
conversion, gas sensing, ion-exchange, environmental purification, and etc [1-5]. In addition,
they exhibit size- and shape-dependent quantum effects, which enable them to be building blocks
in nanoelectronics and optoelectronic nanodevices [6, 7]. In the past decade the scientific
community has witnessed the prosperity of carbon nanotubes that possess novel properties
different from those of conventional graphite or carbon fullerenes [8, 9]. Since then many
attempts have been made to develop nanotubes/nanowires made of various materials [1].
Titanium dioxide has been widely employed in photo-catalytic and photoelectrochemical
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systems, because its semiconductivity is capable of generating charge carriers by absorbing
photon energy [3, 5]. However, only few methods are available to fabricate titania nanotubes or
nanowires. One of the available approaches is the sol-gel or the electrophoretic sol-gel deposition
directed by a template such as an anodic aluminum oxide membrane [10-13]. However, the
products always showed a bundled morphology with poor dispersibility due to the incomplete
removal of the template material. An alternative option for titania nanotube fabrication is
anodization of a titanium foil in an aqueous hydrofluoride acid electrolyte [14, 15]. This process
is able to produce well-oriented nanotubes with down to 20 nm diameter and up to several
microns of length [15]. However, the produced nanotubes are inseparable. Thus it is a film of
close-packed nanotube array instead of free-standing nanotubes. Furthermore, neither sol-gel nor
anodization can generate single crystalline structure [10-15]. In 1998, Kagusa et al. produced the
single crystalline titania nanotubes by hydrothermally treating the amorphous TiO2 precursor
[16], which paved a new pathway for the synthesis of oxides of titanium. Extensive efforts have
been devoted to study the mechanism of 1-D nanostructure formation, phase transformation
behaviors and the stability of crystal structure. However, conflicting results regarding the above
issues have been frequently seen and reviewed in the previous chapter. A systematic
investigation on the entire synthesis process by finely controlling each detailed step is necessary
to clarify the governing factors in the synthesis process to render us master of this strategy and
develop the protocol to up-scale production of 1-D nanostructured materials for future
photocatalysis applications to pave the basis of the whole thesis.
In the present work, we will unravel the processing factors that govern the morphology and
the crystal structure of the as-synthesized nanostructures, as well as the phase transformation
upon heat treatment. The present work intends to not only provide the reference for synthesis of
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titania and titanate nanostructures but also shed light on the underlying reasons that might cause
the controversial results.

3.2 Experimental details
3.2.1 Reagents
Titanium dioxide (anatase), sodium hydroxide (pellet), hydrochloric acid (1 M standard
solution), were purchased from Alfa Aesar and used without further purification. 0.1 M
hydrochloric acid was prepared from purchased 1 M standard HCl solution and deionized water.

3.2.2 Hydrothermal synthesis
Generally, the synthesis process was based on the method developed by Kasuga et al. and
other references [16]. Typically, 32 g NaOH were dissolved into 80 ml deionized water. Then
1.2 g anatase titanium dioxide particles were added to the as-prepared 10 M NaOH aqueous
solution. The mixture was vigorously stirred for 1 hour and then transferred to a 100 ml Teflonlined stainless steel autoclave. The autoclave was sealed and put into a preheated oven to
perform hydrothermal treatment at different temperatures (120 ºC -200 ºC) and for different time
intervals in order to investigate the effects of the hydrothermal conditions on the product. After
the hydrothermal processing, white fluffy powder was obtained.
3.2.3 Post treatment
The white fluffy product was washed with copious deionized water and 0.1 M hydrochloric
acid until the pH of the washing solution reached 7. Some samples were washed with 1 M HCl
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until the pH of the washing solution reached 1 in order to investigate the influence of the pH
value of the final washing solution on the product. In each washing step, the samples were kept
in the solution for about 1 hour without stirring. The washed products were then dried in an oven
at 80 ºC overnight.
The as-washed samples were then transferred to a ceramic boat which was put in a quartz
tube furnace in ambient environment to perform calcination. The temperature of the furnace was
ramped to different calcination temperatures at constant rate (1 ºC /min) to study the phase
transformation and the thermal stability of the titania nanotubes/nanobelts. The calcination was
held at different temperatures (400 oC -900 oC) for 4 hours and then the samples were cooled to
room temperature at the rate of 2 ºC /min.

3.2.4 Material characterization
The crystal structure of samples was characterized by X-ray powder diffraction (XRD)
(X’Pert Pro PW3040-Pro, Panalytical Inc.) with Cu Kα radiation. The morphology was
observed with a Hitachi S4700 field-emission scanning electron microscope (FE-SEM). For
typical SEM sampling, 1 mg specimen was added into 5 ml absolute ethanol. The mixture was
sonicated for several minutes to achieve a homogeneous whitish transparent suspension. The
suspension can stay stable for several days without obvious precipitation. The suspension was
then dropped onto a Si substrate (SPI Inc.) using a pipette and dried naturally. Thus the specimen
was ready for SEM measurement without further treatment.
The Brunauer-Emmett-Teller (BET) specific surface area was measured by the nitrogen
adsorption using Accelerated Surface Area and Porosity System 2020 (Micromeritics).
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3.3 Effects of hydrothermal temperature and time
Fig. 3.1 shows a series of SEM images of the specimens prepared from NaOH
hydrothermal treatment at different temperatures (120 ºC, 150 ºC, 170 ºC, and 200 ºC) for
different duration time intervals (24 h, and 72 h) followed by washing with 1 M HCl to pH 1. It
can be seen that nanotubes were obtained at 150 ºC or lower hydrothermal temperature while
nanobelts were formed at 170 ºC or higher temperature. It is observed that distinct change in the
product morphology occurred between 150 ºC and 170 ºC, which was in accordance with results
from previous publications [31]. Nanotubes were around 15 nm in diameter and up to several
micrometers long. The nanotubes showed very uniform diameter distribution. The size and the
aspect ratio of the nanotubes did not change much by varying the temperature from 120 ºC to
150 ºC except that the diameter of nanotubes obtained at 150 ºC increased slightly. When the
hydrothermal temperature increased to 170 ºC, all the products showed the nanobelt morphology.
The nanobelts obtained at 170 ºC were 40-180 nm in diameter and several tens of micrometers
long. The hydrothermal products at 200 ºC exhibited the same morphology as those at 170 ºC.
The aspect ratio remained on the same order but the diameter increased a little bit which was 60200 nm, the average diameter of the sample was estimated to be 80 nm based on the statistics of
the SEM pictures. The hydrothermal time did not have an evident effect on the morphology of
the products. The morphology of the products obtained by the NaOH hydrothermal treatment for
different time intervals (24 h and 72 h) at a certain temperature looked similar to each other.
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Figure 3.1 SEM images of the H2Ti3O7 nanotubes that are hydrothermally synthesized at 120 ºC
for 24 h (a); 120 ºC for 72 h (b); 150 ºC for 24 h (c); 150 ºC for 72 h (d); and H2Ti3O7 nanobelts
hydrothermally synthesized at 170 ºC for 24 h (e); 170 ºC for 72 h (f); 200 ºC for 24 h (g); 200
ºC for 72 h (h).
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The crystal structure of the products obtained at different hydrothermal temperatures and
time intervals were examined by XRD measurement. Fig. 3.2 (a)-(d) presents the XRD patterns
of the nanotube samples corresponding to Fig. 3.1 (a)-(d). The nanotubes synthesized at 120 ºC
and at 150 ºC exhibited the same diffraction peak positions. The diffraction patterns obtained in
the present work were also similar to the results from previous studies [17-18, 19, 20, 28, 31, 3739]. However, in the above references, the XRD pattern was assigned to different crystal
structures that varied among H2Ti3O7 [17-18, 24, 28, 31, 37], HxTi2-x/4□x/4O4 [25, 39], and Na2xHxTi2O4(OH)2 [28,

38]. It is technically difficult to distinguish among those structures because

of their nearly identical characteristic 2θ reflections, of the peak broadening induced by the small
size of crystals, and of the lattice distortion by wrapping along a certain crystallographic axis
during the formation of nanotubes [40]. We claim the XRD patterns obtained in the present work
was attributed to H2Ti3O7 based on the detailed crystal structure analysis and simulation work in
Ref. [17-19] as well as supportive evidences in Ref. [44]. It should be admitted that in the XRD
patterns the strongest peak near 10º corresponding to (200) plane shifted a little bit from its
location in the standard crystal diffraction pattern of H2Ti3O7 (11.24 º, JCPD47-0561) while it is
more adjacent to the location of (200) peak in the standard pattern of H2Ti2O5·H2O(9.78 º,
JCPD47-0124). However, titanate nanotubes are typically formed via the wrap-up of the sheets
[17-19, 23, 25, 44]. This process generates the interlayer elastic strain energy, which is balanced
by the surface tension unequalness between two tube sides [19]. The existence of elastic strain
energy is very likely to result in distinct lattice distortions, which is responsible for the shift of
the principal peak.
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Figure 3.2 XRD patterns of the H2Ti3O7 nanotubes that are hydrothermally synthesized at 120
ºC for 24 h (a); 120 ºC for 72 h (b); 150 ºC for 24 h (c); 150 ºC for 72 h (d); and H2Ti3O7
nanobelts hydrothermally synthesized at 170 ºC for 24 h (e); 170 ºC for 72 h (f); 200 ºC for 24 h
(g); 200 ºC for 72 h (h).

Fig. 3.2 (e)-(h) presents the XRD patterns of the nanobelt samples shown in Fig. 3.1 (e)-(h).
The nanobelts synthesized at 170 ºC and 200 ºC gave similar diffraction patterns. These XRD
patterns were also in agreement with the results from Ref. [31, 36]. It is interesting to note that
all the peaks in those XRD patterns matched the standard crystal diffraction pattern of H2Ti3O7
very well. It is believed that nanobelts are derived from the splitting of the titanate nanosheets
[35, 36]. During splitting, only new surfaces are generated without inducing any strain or
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deformation. Especially, little change in the interlayer distance occurs. Thus the XRD pattern of
the nanobelts, especially the principal peak positions, is identical to the standard data. This also
indicates that the nanotubes possess the H2Ti3O7 structure, because both the nanobelts and the
nanotubes originate from the same intermediate layered titanate sheets.
TEM characterization of the nanotubes obtained from hydrothermal treatment at 120 ºC for
24h and the nanobelts obtained from hydrothermal treatment at 200 ºC for 24h were shown in
Fig. 3.3. Selected area electron diffraction (inset) shows that both nanotubes and nanobelts are
single crystalline structure, with nanobelts showing relatively higher crystalinity.
BET analysis was performed on the surface areas of the nanotubes synthesized at 120 ºC and
the nanobelts prepared at 200 ºC. The measurement showed that the nanotubes had the BET
specific surface area of 277.74 m²/g and the nanobelts gave a value of 24.18 m²/g, both of which
were much larger than those of conventional material.
It is also exciting to note that no matter what kind of hydrogen titanate the nanostructures
might be, they are all excellent ion-exchange materials. The exchange behaviors towards a series
of ions (Co2+, Ni2+, Cu2+, Zn2+, Cd2+) have already been studied in Ref. [24]. The H-form titanate
is a potential proton-conducting fuel-cell electrolyte [45]. In addition, the exchange of H+ by Li+
could make it a potential lithium battery electrode candidate, because H2Ti3O7 and Li2Ti3O7
share similar structures [18]. Those applications rely on the surface reactions, towards which the
as-synthesized 1-D nanostructures have great superiority due to their large surface area.
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Figure 3.3 TEM micrograph of hydrogen titanate nanotubes synthesized at 120 ºC for 24h (a);
and nanobelts synthesized at 200 ºC for 24h, inset: SEAD of nanotubes and nanobelts.

3.4 Effects of filling volume and solvent in hydrothermal processing
In the previous studies, the concentrated NaOH, typically 10 M solution, was used as the
starting solution for the hydrothermal processing. The NaOH concentration was not a critical
factor that governs the morphology and the crystal structure of the hydrothermal products [29].
Therefore, the 10 M NaOH solution was used in all of our experiments. However, the filling
volume of the autoclave was found to be a factor governing the formation of nanobelts. Poudel et
al. found that a large amount of nanoparticles were present at a low filling factor (50%) when 10

M NaOH was used as the starting solution, where the filling factor was defined as the ratio of the
filled solution volume to the total container volume. In contrast, the nanobelts were the only
products at a high filling factor (84%) [34]. Poudel et al. suggested that the auto-generated
pressure in the autoclave affected the formation of nanobelt during the hydrothermal treatment.
It has been reported by Liu et al. that the anatase TiO2 nanobelts could be synthesized via
solvothermal process. The starting solution in their report was the mixture 10 M NaOH and
ethanol (1:1) [46, 47]. 20 ml such mixture together with the TiO2 precursor were placed in a 100
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ml autoclave to perform a hydrothermal reaction at 200 ºC and followed by dilute acid washing
to pH 7 without further calcination. It is worth noting that the introduction of ethanol in the
experiment by Liu et al. resulted in the formation of nanobelts even at a low filling factor (20%).
Liu et al. inferred that the formation of the nanobelts was attributed to the effect of the polarity
and coordinating ability of ethanol.
We repeated the solvothermal experiments using the same solvent (1:1 mixed 10 M NaOH
and ethanol) and further varied the autoclave filling from 20% to 80%. It was found that the
morphology did not change much by varying the filling factor. Our results suggested that the
autoclave filling was not critical for controlling the morphology of the products during
solvothermal synthesis (note that ethanol was included as starting solution). The solvothermally
synthesized products in our experiments showed almost the same morphology as the
hydrothermally synthesized products at the same temperature with the filling factor of 80%. On
the other hand, it should be noted that XRD analysis showed our solvothermally synthesized
products also had the H2Ti3O7 phase rather than the anatase phase that was reported by Liu et al.
under the similar experimental condition. The experiment was repeated twice, and we were still
unable to obtain the anatase phase prior to calcination.

3.5 Post–treatment of hydrothermal products
We can see from Table 2.2 that the crystal structure and the morphology of the hydrothermal
products varied a lot among different groups. In 1998 Kagusa et al. proposed that 1-D
nanostructures were formed during the washing process after the hydrothermal process [16].
However, the follow-up research by other groups showed that the nanotube morphology had
already been formed before the acid washing process [18]. Although the washing process does
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not determine the morphology evolution of the nanostructures, it has a significant effect on
chemical composition and the crystal structure of the hydrothermal products according to the
studies by Li et al. [24], Poudel et al. [34], and Teng et al. [38]. In particular, the crystal structure
is dependent both on the constituents of the washing solution [34] and on the final pH value of
the washing solution [38]. But the results from different groups are inconsistent (see Table 1). In
our study, the titanate nanotubes hydrothermally synthesized at 120 ºC (denoted as TNT120precursor afterwards) and the nanobelts obtained at 200 ºC (denoted as TNB200-precursor
afterwards) were used to investigate the influence of the washing process. Specifically, the fresh
samples transferred from the autoclave were divided into two batches. One batch was washed in
1 M HCl until the pH value equaled to 1 (the as-washed samples in this batch were denoted as
TNT120-acidic and TNB200-acidic, respectively). Another batch was washed in 0.1 M HCl and
deionized water until the pH of the final washing solution reached 7 (the as-washed samples in
this batch were denoted as TNT120-neutral and TNB200-neutral, respectively).
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Figure 3.4 XRD patterns of the H2Ti3O7 nanobelts that are hydrothermally synthesized at 200
ºC for 24 h and followed by washing with 1M HCl to pH=7 (TNB200-neutral) (a); pH=1
(TNB200-acidic) (b).

Fig. 3.4 shows the XRD patterns obtained from the as-washed TNB200-neutral and TNB200acidic samples. There was no obvious difference in the XRD pattern between the two as-washed
samples. After the as-washed samples were heat-treated at 700 ºC, huge difference in the XRD
pattern was found between the as-calcinated TNB200-neutral and TNB200-acidic samples (Fig.
3.5). Most peaks in the XRD pattern of the as-calcined TNB200-neutral can be indexed to
sodium titanate while the rest of peaks can be assigned to titania. All the peaks in the pattern of
the as-calcined TNB200-acidic can be indexed to anatase titanium dioxide. The presence of
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sodium titanate implies that sodium ions were remaining in the neutrally washed sample if the
final pH of the washing solution was 7. The sodium ions did not exist with the form of NaCl or
NaOH, which was confirmed by XRD analysis. It is well known that the white hydrothermal
product before washing is Na2Ti3O7 [36]. During the washing process, the sodium ions exchange
with the hydrogen ions in the solution, leading to the formation of H2Ti3O7. It should be noted
that H2Ti3O7 and Na2Ti3O7 share very similar crystal reflections. Considering the peak
broadening and shifting of nanomaterials, it is difficult to identify the real composition of the
precursors. Thus it is inferred that the sodium ions may not be completely exchanged by
hydrogen ions if the pH of the final washing solution is 7, while the acidic final washing solution
can guarantee a complete ion exchange. The TNT120-neutral and the TNT120-acidic showed the
similar behavior. Fig. 3.6 shows the XRD patterns of both the samples after cacination at 700 ºC,
which correspond to a mixture of sodium titanate and titania for the calcinated TNT120-neutral,
and anatase titania for the calcinated TNT120-acidic, respectively. XRD measurements of those
“acidic samples” calcinated at higher temperature show the transition from anatase to rutile
without the appearance of sodium titanate. Based the XRD patterns of the samples calcinated at
700 ºC, it is reasonable to conclude that the “neutral samples” are NaxH2-xTi3O7 while acidic
sample are pure H2Ti3O7.
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Figure. 3.5 XRD patterns of the nanobelts after calcination of TNB200-neutral (a) and TNB200acidic (b) at 700 ºC, respectively.
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Figure 3.6 XRD patterns of the samples after calcination of TNT120-neutral (a) and TNT120acidic (b) at 700 ºC, respectively.

We have further conducted more controlled experiments. Both the nanotubes and the
nanobelts were washed either in the deionized water only (the final pH to 7) or in the 0.1 M HCl
only (the final pH to 1). The former treatment resulted in similar results as TNT120neutral/TNB200-neutral and the latter treatment led to similar results as the TNT120-acidic/
TNB200-acidic. This indicated that the concentration of the washing solution was not critical for
the complete ion exchange between H+ and Na+, although the concentrated acid can speed up the
washing process. However, the final pH value played an important role.
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However, there are many other uncovered factors during the washing process which might
influence the overall results, such as the immersion time in each washing step, the washing
sequence (e.g., wash to acidic pH first then back to neutral, or directly to neutral from basic), the
washing temperature, the type of solution (ethanol, acid etc) and so on. Bavykin et al. have found
that titanate nanotubes will go through a series of transformations and finally turn into rutile
nanoparticles after 2 months of immersion in the 0.1 M H2SO4 solution at room temperature [37].
To our understanding, the factors in the washing process that govern the final products actually
affect the thermodynamics and kinetics of the ion exchange reaction. This topic needs to be
further studied in the future.

3.6 Phase transformation of nanotubes upon heat treatment and their
thermal stability
Thermal stability of the nanostructures is of great concern regarding the applications at
relatively high temperature [51]. Fig. 3.7 shows the SEM images of the TNT120-acidic samples
after calcination at different temperatures. The nanotube morphology was stable up to 600 ºC, at
which a large quantity of nanoparticle clusters began to appear. When the temperature increased
to 700 ºC, the nanotubes completely became nanoparticles. At 800 ºC, even some plates showed
up. Fig. 3.8 reveals the XRD patterns of those as-calcinated samples. It can be seen that with
increase in the temperature, the peaks of the XRD patterns become sharper and sharper, implying
the enhanced crystalinity of the nanostructures. From 400 ºC to 700 ºC, only anatase titanium
dioxide was present. At 800 ºC, the rutile phase appeared. At 900 ºC, only rutile phase existed in
the sample. Combined the SEM and XRD results together, the transformation of the TNT120acidic sample upon calcination can be summarized as follows:
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Hydrogen titanate nanotubes(H2Ti3O7) after hydrothermal reaction Æ anatase titania (TiO2)
nanotubes at 400 ºC~500 ºC Æ anatase titania (TiO2) nanoparticles at 700 ºC Æ rutile titania
(TiO2) nanoparticles at 900 ºC.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 3.7 SEM images of the as-made TNT120-acidic (a) and the samples after calcination of
TNT120-acidic at 400 ºC (b); 500 ºC (c); 600 ºC (d); 700 ºC (e); 800 ºC (f) for 4h.
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Figure 3.8 XRD patterns of the samples after heat-treatment of TNT120-acidic at 400 ºC (a);
500 ºC (b); 600 ºC (c); 700 ºC (d); 800 ºC (e); 900 ºC (f) for 4h.

3.7 Phase transformation of nanobelts upon heat treatment and their
thermal stability
Fig. 3.9 shows the SEM images of the TNB200-neutral sample after calcination at different
temperatures. It can be seen that the nanobelt morphology can retain up to 800 ºC without
obvious change. Fig. 3.10 shows the XRD patterns of those calcinated samples. After it was
calcinated at 400 ºC, the sample had the TiO2-B structure, which was in agreement with the
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results reported by other groups [36, 48]. TiO2-B is a metastable monoclinic modification of
titanium dioxide with a relatively open structure and a lower density than both anatase and rutile
[48-50]. TiO2-B and anatase share similar diffraction pattern except that TiO2-B have several
extra characteristic peaks [33]. With increasing temperature, the XRD peaks corresponding to
anatase appeared and then tended to be sharper, while the characteristic peaks of TiO2-B became
weaker and weaker. Between 500 ºC ~600 ºC, the crystal phase of the nanobelt was composed of
a mixture of TiO2-B and anatase. When the sample was heated to 700 ºC, sodium titanate
became the dominant crystal phase.
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Figure 3.9 SEM images of the as-made TNB200-neutral (a) and the samples after heat-treatment
of TNB200-neutral at 400 ºC (b); 500 ºC (c); 600 ºC (d); 700 ºC (e); 800 ºC (f) for 4h.
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Figure 3.10 XRD patterns of the as made TNB200-neutral (a) and the samples after heattreatment of TNB200-neutral at 400 ºC (b); 500 ºC (c); 600 ºC (d); 700 ºC (e) for 4h.

(a)

(b)

Figure 3.11 SEM images of the samples after heat-treatment of TNB200-acidic at 700 ºC (a) and
800 ºC (f), respectively for 4h.
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Fig. 3.11 (a) and (b) shows the SEM images of the TNB200-acidic sample after calcination at
700 ºC and 800 ºC, respectively. It can be seen that the thermal stability of the TNB200-acidic
sample was inferior to that of the TNB200-neutral. At 700 ºC, the sample still retained the
nanobelt morphology. When the temperature increased to 800 ºC, small chopped particles
appeared. The sample calcinated at 700 ºC was pure anatase nanobelt (Fig. 3.5). Also, based on
the results in Fig. 3.5, it is inferred that sodium titanate was formed at 700 ºC for the nanobelts
with the presence of sodium ions. Sodium titanate nanobelts have better stability in wire-like
morphology than anatase nanobelts, because sodium titanate has the layered structure while
anatase has not. The presence of sodium ions is important to the thermal stability at high
temperature, which is in accordance with the results in Ref. [24].
The transformation of TNB200-acidic upon calcination can be summarized as follows:
Hydrogen titanate nanobelts (as-synthesized) Æ TiO2-B nanobelts (400 ºC) Æ anatase titania
nanobelts (700 ºC) Æ rutile nanoparticles (900 ºC)

It could be seen that upon heat treatment, the nanotubes and the nanobelts have different
thermal stability and the phase transformation also varied a little bit. This phenomenon might be
associated with the difference in the size and the morphology between them. It is known that the
smaller the size is, the more unstable the nanomaterial is, owing to excess free energy from the
larger surface area. The nanotubes are much smaller than the nanobelts. Thus they are expected
to be more unstable. Another point might be relevant to the tube-like morphology. It is
speculated that the induced scroll-up strain energy during the formation of nanotubes is stored as
a periodic potential in the nanosheet lattice, which increases the free energy of nanotube system
[19]. Thus the nanotube structure will be collapsed at appropriate calcinating temperature to
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release this extra free energy. While the nanobelts are formed due to the splitting of the
nanosheets, thus there is no such strain energy in the lattice.

3.8 The proposed formation process of nanotube and nanobelt
structure
It was previously proposed that the nanotube structure was formed during the washing (the
proton exchange of sodium titanate) process from the rolling-up of crystalline nanosheets [16,
23]. In our results, it was found that both the nanotube and nanobelt structures have already been
shaped before the washing step. This phenomenon is in agreement with the results in Ref. [35].
Nonetheless, we consent that the nanotube and nanobelt structures were derived from nanosheets,
which is proposed to be the intermediate product during the alkaline hydrothermal treatment of
TiO2. Fig. 3.12 shows the TEM micrograph of the hydrogen titanate nanotubes and nanobelts. It
could be observed that the nanosheets (circled area) exist in both the nanotube and the nanobelt
products. Such nanosheets or fragmented sheet species may be formed during the early stage of
hydrothermal reaction such as temperature ramp time. It was earlier proposed that the nanosheets
or thin layers were exfoliated from the precursor TiO2 crystallites, evidenced by the observation
that thin sheets were peeled off from the precursor TiO2 particles [18]. Wu et al pointed out that
if it were true, the size of the resultant nanotube product would have been restricted by the size
of the precursor TiO2 crystallites [35]. However, in most cases, the length of as-acquired
nanotubes far exceeds the size of precursor TiO2 crystallites. In our results, the nanotubes were
hundreds of nanometers long and the nanobelts were up to tens of micrometers long. Hence we
suggest that the nanosheet structure were obtained from a sequence of processes from dissolution
of precursor TiO2 powders and reaction with NaOH to recrystallization of sodium titanate. In
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concentrated NaOH aqueous solution, in our case 10M, the dominant OH- ions could attack the
dangling bonds on the precursor TiO2 surface, resulting in TiO2(OH)22- or further titanate ions. In
the presence of sodium ions, those dissolved species nucleate into Na2Ti3O7 crystal structure.
The reason that the sodium titanate formed into sheet-like structure could be attributed to its
crystal structure, since Na2Ti3O7 itself is of layered lattice. Na2Ti3O7 is composed of zigzag
compilation of edge-sharing TiO6 octahedron. Each unit is of three octahedron and the units join
coner-sharingly to form layered structure, while the sodium cations occupy the interlayer
positions to form the charge-neutral monoclinic lattice. The bonds within each layer plane are
strong Ti-O covalent, while the force between layers is of ionic bonding between Ti3O72- and Na+.
Thus when the dissolved ions nucleate, they tend to form the stronger covalent bonding structure
which is along the layer plane. The otherwise growth direction perpendicular to the layer plane
which needs the stabilization of external sodium ions is less favored. The hypothesized growth
process of titanate nanosheets were schematically illustrated in Fig. 3.13. As the dissolutionnuclreation proceeds, the area of nanosheets becomes larger, leading to an energetically unstable
state due to the excess surface area and uncompensated interfacial charge. The excessive energy
is further offset by the morphological change from the anosheets to the nanotubes or the nanbelts.
The closer-up TEM micrograph of hydrogen titanate nanotubes as shown in Fig. 3.3 shows
that the wall thickness of nanotubes is of 3 nm, which is equivalent of only a few atomic layers.
The thickness of the nanobelts is usually around 10 nm. Combined with the fact that the
nanobelts (tens of micrometers) are much longer than nanotubes (hundreds of nanometers), it is
plausible to deduce that the nanosheets precursor prior to the formation of nanotubes is much
smaller than the nanosheets prior to the nanobelt formation. Such variance is likely due to
different dissolution-nucleation rate under different temperature. The formation of the nanotube
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structure at hydrothermal temperature of 150 ºC or less indicates that the corresponding
dissolution-nucleation rate leads to the nanosheets with smaller area and thickness, while
increasing the temperature to 150 ºC above results in larger and thicker nanosheets. It is
interesting to note that the nanosheets with a small area and thickness release the excessive free
energy by rolling-up into nanotube, while the nanosheets with a large area and thickness are split
into the nanobelts to achieve that. The presence of ultra-small (compared to the size of nanotube
and nanobelt) nanosheet in both the nanotube and the nanobelt samples is due to the fact that its
size is not large enough to accumulate excessive energy to induce the deformation. The above
proposed formation process of the titanate nanotubes and the nanobelts is schematically depicted
in Fig. 3.14.

Figure 3.12 TEM micrograph of hydrogen titanate nanotubes and nanobelts
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Figure 3.13 Schematic illustration of the formation process of the layered titanate structure

Figure 3.14 Schematic illustration of alkaline hydrothermal synthesis process of titania nanotube
and nanobelts
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3.9 Conclusions
The chemical composition, the morphology and the crystal structure of 1-D titanate and
titania nanostructures can be tailored by critically controlling the process condition. Based on our
investigation and previous results from other research groups, the synthesis of 1-D titanate
nanostructures can be summarized in Fig. 3.15 and Table 3.1, which illustrate the processes for
preparation of different titanate or titania nanostructures by the hydrothermal process combined
with the post heat-treatment.

Figure 3.15 Illustration of synthesis and post-treatment of 1-D titanate nanostructures.
At the hydrothermal temperature below 150 ºC, the titanium dioxide precursor reacts with
NaOH to generate small and thin sodium titanate nanosheets, which tends to scroll up, finally
leading to the formation of sodium titanate nanotubes. At higher temperature (above 150 ºC), the
hydrothermal reaction results in large and thick sodium titanate sheets, which are further split
into sodium titanate nanobelts.
During the washing process, the H+ from acid or from water can exchange with the Na+ in
the sodium titanate nanobelts or nanotubes. The degree of the ion exchange depends on the
factors that govern the ion exchange reaction. In our controlled experiments, it was found that
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the pH of the final solution is a critical factor. High concentration of acid used in washing can
accelerate the ion exchange process.
The hydrogen titanate (H2Ti3O7) nanotubes obtained from the hydrothermal processing
are transformed to anatase titania (TiO2) phase at 400 ºC~500 ºC. The anatase TiO2 nanotubes
are further converted to the anatase TiO2 nanoparticles at 700 ºC. Further increasing temperature
to 900 ºC, the anatase to rutile phase transformation occurs in the TiO2 nanoparticles.
Table 3.1 Dependence of the final products upon the process routine
Process routine
AÆfilter and dry[38]
AÆbÆ dry
AÆbÆ1
BÆaÆ1 [50]
AÆbÆ2
AÆbÆ3
CÆfilter and dry[36]
CÆbÆ dry
CÆbÆ2
CÆbÆ1

Final products
Sodium titanate nanotube
Hydrogen titanate nanotube
Anatase titania nanotube
TiO2-B nanotube
Anatase titania nanoparticle
Rutile titania nanoparticle
Sodium titanate nanobelt
Hydrogen titanate nanobelt
Anatase titanate nanobelt
TiO2-B nanobelt

The hydrogen titanate nanobelts (H2Ti3O7) produced by the hydrothermal processing can
retain the nanobelt shape up to 700oC. But their crystal structure will change upon heat treatment.
The H2Ti3O7 phase is transformed to the TiO2-B phase at 400 ºC, and then converted to anatase
TiO2 at 700 ºC.
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CHAPTER 4:

Photocatalytic Activity of

Titanium Dioxide Nanotubes, Nanobelts and
Nanospheres
Chapter four presents a comparative study on the photocatalytic activities of the TiO2
nanomaterials with tailored morphology, phase composition, crystal structure and crystallinity.
This study aims to clarify the effects of these governing factors on the photocatalysis in order to
find out the optimal condition for achieving the best photocatalysis performance.

4.1 Introduction
The three forms of titanium oxide nanostructures, that is, nanospheres, nanotubes and
nanobelts are of great interest to photocatalysis. The TiO2 nanotubes have high specific surface
area and open mesoporous morphology, which are expected to facilitate the adsorption of
reagents on the active surface sites [4]. For the TiO2 nanobelts, some preliminary theoretical
modeling and calculation work have showed that materials with such 1-D morphology may
possess higher charge transport property as compared to nanospheres.
There are several factors influencing the photocatalytic and photoelectrochemical
performances of the catalyst materials, such as surface area, particle size, pore volume and
distribution, crystal structure and phase composition, surface and bulk defects, impurity species,
morphological structure, surface hydroxyl group etc [5-7]. Although many publications each
year have been engaged on investigating the photocatalysis application of TiO2 materials,
conflict results on how these factors play their roles in the photocatalysis process are easily
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found. The inconsistency mostly stems from the use of catalysts obtained from different
synthesis routes, because the synthesis and processing routes could directly determine the
specific surface properties of the products, such as defects concentration, crystalinity, etc. Thus
the priority step to better understand the effects of the different parameters (particle size, phase
composition, etc) on the photocatalytic performances is the determination of a synthesis route
which is capable of produce TiO2 with controllable and repeatable properties (crystal structure,
morphology, surface area, etc). The alkaline hydrothermal synthesis method is capable of
tailoring TiO2 nanomaterials into different structures and shapes [8]. Thus exploring the
photocatalytic activity of materials in this family eliminates the interference of the preparation
impacts on the overall photocatalytic performance.
In our experiments, a series of TiO2 nanomaterials with different crystal structures
(anatase, rutile, TiO2-B) and shapes (nanobelts, nanotubes, nanospheres) were synthesized by
varying the hydrothermal temperature and the calcination temperature. The physical properties of
the materials synthesized were examined by X-ray diffraction (XRD), scanning electron
microscope (SEM), and gas adsorption technique (BET). Photocatalytic activities of these
materials were evaluated by degrading methyl orange in an aqueous solution under irradiation of
ultraviolet light.

4.2 Experimental details
Generally, the synthesis process was based on the method developed by Kasuga et al..
Typically, 1.2 g anatase titanium dioxide particles were added to the 80ml 10 M NaOH aqueous
solution. The mixture was vigorously stirred for 1 hour and then transferred to a 100 ml Teflonlined stainless steel autoclave. The autoclave was sealed and put into a preheated oven to
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perform hydrothermal treatment at different temperatures (120 ºC, 200 ºC respectively to
generate nanotubes and nanobelts) and for 24 hours. After the hydrothermal processing, white
fluffy powder was obtained. The white fluffy product was washed with copious deionized water
and 1 M hydrochloric acid until the pH of the washing solution is less than 7. The washed
products were then dried in an oven at 80 ºC overnight. The as-washed samples were then
transferred to a ceramic boat which was put in a quartz tube furnace in ambient environment to
perform calcination. The temperature of the furnace was ramped to different calcination
temperatures at constant rate (1 ºC /min). The calcination was held at different temperatures (400
o

C, 700 oC, 800 oC) for 4 hours and then the samples were cooled to room temperature at the rate

of 2 ºC /min.
The crystal structure of samples was characterized by X-ray powder diffraction (XRD)
(X’Pert Pro PW3040-Pro, Panalytical Inc.) with Cu Kα radiation. The morphology was observed
with a Hitachi S4700 field-emission scanning electron microscope (FE-SEM). The BrunauerEmmett-Teller (BET) specific surface area was measured by the nitrogen adsorption usng
Accelerated Surface Area and Porosity System 2020 (Micromeritics).
The photocatalytic activity was evaluated by measuring the decomposition of the
deionized water solution of methyl orange with an initial concentration of 20mg/L. A
commercial photoreactor (LUZ-4V, Luzchem) was used, which is equipped with 14 8W UVA
lamps (Centered at 350nm, LZC-UVA, Luzchem). For a typical photocatalysis experiment, a
total of 0.01g catalysts were added to 10ml the above specified methyl orange solution in a 10ml
polyethylene tube. Before irradiation, the suspensions were sonicated in the dark for 5 minutes.
During the irradiation, the tubes were placed on to carousel to ensure the even exposure to light
of each tube. After designed irradiation time, the tubes were unloaded and centrifuged at
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10000rpm for 1.5 hour to separate the supernate and the catalysts. The supernates were collected
and analyzed by recording the characteristic absorption of methyl orange (464nm) using UV-Vis
spectrometer. According to the standard curve of concentration and absorption, the value of
decomposition efficiency was calculated.

4.3 Morphology, structure and phase composition of investigated
materials
Hydrothermal treatment of TiO2 bulk materials with any polymorph in concentrated
alkaline solution at elevated temperature can lead to the formation of sodium titanate nanotubes
(while T≤150 ºC) and nanobelts (while T>150 ºC). Further washing the as-synthesized sodium
titanate products with aqueous acid solution facilitates the ion exchange between H+ and Na+,
resulting in the hydrogen titanate. Calcination of the hydrogen titanate at higher temperature
induces the loss of H2O molecules from the layered hydrogen titanate structure and results in the
formation of titanium dioxide. Titanium dioxide with various polymorphs can be obtained by
varying the calcination temperature. A complete reference on the phase transformation of
hydrothermal synthesized titania nanobelts and nanotubes can be found in our previous
publication [8].
Fig. 4.1 shows the XRD patterns of hydrogen titanate nanotubes after calcination at 400
ºC, 700 ºC and 800 ºC, respectively. Fig. 4.2 shows the SEM images of the hydrogen titanate
nanotubes before and after calcination at 400 ºC, 700 ºC and 800 ºC, respectively. The hydrogen
titanate nanotubes have an open-end and multi-wall structure with a diameter of around 15nm
and length of hundreds of nanometers. Heat treatment of the hydrogen titanate nanotubes lead to
the phase transformation into titania and degradation of tubular structure. Combining the XRD
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results with SEM results, we can describe the three kinds of materials derived from annealing the
hydrogen titanate nanotubes in the following way: the materials annealed at 400 ºC (denoted as
NT400 in the afterwards discussion) is anatase TiO2 nanotubes with relatively poor crystalinity;
the materials annealed at 700 ºC (denoted as NT700 in the afterwards discussion) is anatase TiO2
nanoparticles with good crystalinity; the materials annealed at 800 ºC (denoted as NT800 in the
afterwards discussion) is TiO2 with a mixed phase of anatase and rutile with a mixed
morphology of nanoparticles and microplates.
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Figure 4.1 XRD patterns of titanate nanotubes after heat treated at different temperature for 4
hours
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Figure 4.2 SEM images of titanate nanotubes before (a) and after heat treated at 400 ºC (b); 700
ºC (c); 800 ºC (d).

Fig. 4.3 shows the XRD patterns of hydrogen titanate nanobelts after calcination at 400
ºC, 700 ºC and 800 ºC, respectively. Fig. 4.4 shows the SEM images of the hydrogen titanate
nanobelts before and after calcination at 400 ºC, 700 ºC and 800 ºC, respectively. The hydrogen
titanate nanobelts are 50 to hundreds of nanometers wide and up to tens of micrometers long. It
is worth noting that an interesting structure TiO2 (B) phase occurred in the nanobelt after
calcined at 400 ºC. It is a polymorph of titanium dioxide composed of edge and corner sharing
TiO6 octahedrea but with a slightly lower density than rutile, anatase or brookite thus is expected
to have the advantage over the other titanium dioxide polymorphs of being a relatively open
structure with significant
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Figure 4.3 XRD patterns of titanate nanobelts after heat treated at different temperature for 4
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Figure 4.4 SEM images of titanate nanobelts before (a) and after heat treated at 400 ºC (b); 700
ºC (c); 800 ºC (d).

voids and continous channels [9]. Combining the XRD results with SEM results, we can describe
the three kinds of materials derived from annealing the hydrogen titanate nanotubes in the
following way: the materials annealed at 400 ºC (denoted as NB400 in the afterwards discussion)
is TiO2-B nanobelts; the materials annealed at 700 ºC (denoted as NB700 in the afterwards
discussion) is anatase TiO2 nanobelts; the materials annealed at 800 ºC (denoted as NB800 in the
afterwards discussion) is TiO2 with a mixed phase of anatase and rutile and mixed morphology
of nanoparticles.
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4.4 photocatalytic activity of the titania nanotubes, nanobelts and
nanoparticles
The photocatalytic performances were investigated by degrading the methyl orange
aqueous solution using the synthesized materials. There are thousands of papers generated on the
photocatalytic performance of TiO2 each year. Although many contrary results reported, it is
commonly viewed that anatase works better than rutile, and many experimental evidences
supported the existence of a synergistic effect of anatase and rutile mixed phases in enhancing
the photocatalytic activity. Some authors claimed that high surface area or mesoporous materials
have higher efficiency, some others pointed out the influence of crystalline and surface defects.
Actually in a specific photocatalysis system, all the characteristics of the photocatalysts
mentioned above can play a crucial role in the performances. The inconsistent results are mainly
due to the use of samples coming from different synthesis routes, which directly associated to the
surface properties of the products. In this set of experiments, all the materials are synthesized in
the same route, from the same precursor, only with different calcination temperature. So this
allows us to narrow the investigated parameters down to the morphology, surface area,
crystalinity and phase composition.
Fig. 4.5 shows the photocatalytic degradation curve of methyl orange aqueous solution by
NT400, NT700 and NT800. The differences between the three samples are not significant, but it
still could be seen that NT700 has the highest activity, while NT800 is less than it and NT400 is
the lowest active one. The result is contrary to what is expected. The surface area of NT400 is
measured by BET analysis to be 219.86 m²/g. With a large surface area and open-end hollow
structure, it is supposed to allow more pollutants to access and be adsorbed on to the surface as
well as facilitates a more rapid diffusion of the reactants and products. The NT700 with the
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sintered nanoparticle morphology and much higher crystalinity has the highest activity.
Annealing at elevated temperature eliminates the surface defects, which might act as the
recombination center of the photogenerated electrons and holes. Thus the overall efficiency was
enhanced. Although the NT800 has the mixed phase, the expected synergistic effect does not
occur. Contrarily, the introduction of rutile phase even decreased the photocatalytic activity. The
decrease in the photocatalytic activity may also arise from the sintering and growth of the
nanoparticles upon increased temperature.
Fig. 4.6 shows the photocatalytic degradation curve of methyl orange aqueous solution by
NB400, NB700 and NB800. The differences between the three samples are significant. It could
be seen that effects of calcination temperature on photocatalytic activity of nanobelts follows the
same trend as nanotubes, with NB700 having the highest activity, NB800 much less, and NB400
the lowest active. The surface area of NB700 is measured by BET analysis to be 20.83 m²/g,
which is 10 times lower than its nanotube counterpart. With not much change in the morphology,
it is assumed that the surface area change is not significant in the three samples thus can be
eliminated from our concerning factors. Although TiO2-B nanobelts and nanotubes have been
found to be prominent lithium intercalation materials, in our experiments it does not promise to
be a good photocatalyst candidate. The poor performance could be attributed to the poor
crystalinity due to the lower calcination temperature. NB700 has the highest photocatalytic
activity, even higher than all the nanotube series. The same as the NT800, introduction of rutile
phase into NB800 even decreased the overall performance.
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Figure 4.5 Photocatalytic degradation curve of methyl orange aqueous solution by NT400,

1.00

NB-400
NB-700
NB-800

0

Concentration Change (C/C )

NT700 and NT800 under UVA irradiation

0.75
0.50
0.25
0.00
0

30

60

90

120

150

180

Irradiation Time (min)

Figure 4.6 Photocatalytic degradation curve of methyl orange aqueous solution by NB400,
NB700 and NB800 under UVA irradiation
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Fig. 4.8 shows the apparent rate constants of methyl orange degradation of all the
catalysts synthesized. The overall performance of a photocatalysis reaction by TiO2 depends on
two processes: the generation and separation of electrons and holes excited by the irradiation
light; and the recombination of the photogenerated electrons and holes by recombination centers
in the crystal lattice. Within the scope of the materials studied in this paper, it seems that the
crystalinity plays a major role in the overall photocatalysis of methyl orange aqueous solution.
Materials calcined at relatively higher temperature generally have higher photocatalytic activity,
probably because higher temperature annealing eliminates the thermal defects in the crystal
lattice which might act as the recombination centers. The phase composition also influences the
photocatalytic efficiency. Different kinds of polymorphs associated with different atom
arrangement and different electronic structure. The electronic structure of the photocatalysts
determines the efficiency of charge generation by external excitation. The pure anatase is the
most preferred phase for photocatalysis application of this series of catalysts. The mixed phase of
anatase and rutile does not show the expected synergistic effect but decrease the photocatalytic
activity. TiO2-B has the lowest activity in photocatalysis, although its excellent performance in
Lithium battery makes it of potential interest as catalytic supports and photocatalysts [10].
Comparing the nanobelts with the nanotubes derivatives, it is obviously seen that the nanobelts
shows much higher photocatalytic reactivity than its nanotube counterparts and nanoparticle
counterparts in either anatase phase or mixed phase, even though nanobelts have a much lower
surface area. It has been demonstrated that the nanobelt structure is a superior structure for
charge transport which makes it an interest element in sensing applications [11]. The nanobelt
structure might possess the unique advantage of being able to provide continuous and directional
channel for charge carriers which greatly assists the separation of photogenerated electrons and
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holes. On the other hand, the relatively high crystalinity of the single-crystal nanobelt also
resulted in decreased recombination rate of charge carriers.

Figure 4.7 Apparent rate constants of methyl orange degradation of synthesized catalysts

4.5 Conclusions
TiO2 in various polymorphs (anatase, rutile, TiO2-B) and morporlogies (nanotubes,
nanobelts, nanoparticles) were prepared by calcination of the hydrothermal synthesized hydrogen
titanate nanobelts and nanotubes. The photocatalytic activities of the as-prepared samples were
investigated by degradation of methyl orange aqueous solution under UVA irradiation. It was
found that the crystalinity plays a crucial role in the photocatalysis performance, rather than
commonly claimed surface area and particle size. Materials calcined at lower temperature
showed inferior performances despite of their higher surface area. Pure anatase is the preferred
phase for photocatalysis application of this series of materials. TiO2-B has the lowest activity in
photocatalysis. The anatase nanobelts showed the best photocatalytic performance compared to
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its nanotube or nanosphere counterparts with the same phase composition or crystalinity. It is
inferred that the nanobelt structure is a superior morphology which facilitates the charge
generation and suppresses the charge recombination.
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Chapter

5:

Origin

of

Enhanced

Photocatalytic Activity of Anatase Titanium
Dioxide Nanobelts
The crude material screening studies in Chapter 4 have shown that the single-crystalline
anatase nanobelts possess the highest photocatalytic activity. In this chapter, in-depth studies
are performed to unravel the underneath mechanism of the enhanced photocatalytic activity of
the nanobelts as compared to the nanosphere counterparts. .

5.1 Introduction
Photocatalysis of TiO2 generally involves three processes [1-4]: (i) electrons and holes
are generated by photoexcitation; (ii) the photogenerated charge carriers migrate to the surface
and subsequently reduce/oxidize the adsorbed reactants directly by electrons/holes or by reactive
oxygen species (ROS); and (iii) some of the electrons and the holes are recombined. Desired
photocatalysts are expected to promote Process (i) and (ii) in the meanwhile to suppress Process
(iii). Smaller nanoparticles are preferred to be used as photocatalysts, because reduction of the
particle size increases the specific surface area, leading to a high number of surface photoactive
sites. However, for commonly used sphere-shaped nanoparticles (nanospheres), the benefit from
the size reduction could be canceled by a higher electron-hole recombination rate [5], because
the photogenrated electrons and holes may not be separated form each other in the limited space
[6]. We postulate that one dimensional (1-D) single-crystalline nanostructures such as nanobelts,
nanowires and nanotubes could retain high specific surface area but have a low charge carrier
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recombination rate. This is built on a hypothesis that charge carriers are less delocalized in 1-D
nanostructured single crystals where photogenerated electrons and holes are free to transport
throughout the whole length dimension of the crystal due to high degree of crystalinity and to the
lack of grain boundaries. It is well known that grain boundaries are the recombination sites for
electrons and holes [7].
In addition, the photocatalytic activity of TiO2 crystals is heavily dependent upon the
surface structure (surface atomic arrangement and coordination) [8-11] especially when the
particle size is reduced to the nanometer scale. For example, the rutile (100) and (110) facets
have lower rates of photoreduction of Ag+ to Ag metal from an aqueous solution than the (101),
(111), and (001) facets [8]. Photoreduction and photooxidation could be separated in different
crystal facets. For an instance, the rutile {011} facets provide the metal oxidation sites while the
{110} facets offer the metal reduction sites [11]. Recent investigations revealed that the anatase
TiO2 nanocrystals with well-faceted {101} surfaces exhibited the enhanced photocatalytic
activity [6, 12]. These studies have shown that the photocatalytic activity of TiO2 can be tailored
by controlling the exposed crystal facets of particles although the underlying mechanism is not
well understood. However, the information on the crystal facet effects on photocatalysis is
limited, because the TiO2 nanocrystals with specific well-faceted surfaces are difficult to obtain.
The reports on TiO2 available in this area are mainly gained from rutile single crystals [9],
because anatase TiO2 single crystals with controlled specific well-faceted surfaces are rare in the
literature [13]. So far, thin films and bulk TiO2 single crystals are the major source for studying
the correlation of specific crystal facets with catalysis and the related surface phenomena. Thin
films and bulk single crystals provide model systems for fundamental studies but cannot be
applied to practical use due to their limited specific surface area.
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Based on the above discussions, we have designed a unique shaped photocatalyst- singlecrystalline anatase (101) TiO2 nanobelt with the longitudinal dimension on the micron scale (or
even longer) and the lateral dimension on the nanoscale (Here we have presented a 60-400 nm
wide, ~10 nm thick and up to 25 μm long nanobelts as an example). Reducing the lateral
dimension down to the nanometer scale enables a high specific surface area, but keeping the
longitudinal dimension of a single crystal at the large scale could minimize the electron-hole
recombination rate, because the length dimension of 1-D structures provides a transport channel
for charge separation. Moreover, the unique shape of such nanobelts provides the well-defined
anatase (101) facet for two dominant exposed surfaces. Such anisotropic surface facets could
render it high photo-reactivity toward certain chemical species. Therefore, such nanobelts are
expected to offer an enhanced photocatalytic activity than the spherical shaped particles with a
diameter on the same scale as the lateral dimension of the nanobelts. To the best of our
knowledge, we report here for the first time a systematic study on the effects of the shape and the
surface structure on the photocatalytic activity of TiO2 nanobelts. In particular, we present a
comparative study of the photocatalytic activities of nanobelts and nanospheres in order to
clarify the underlying mechanism of the enhanced performance of the nanobelt photocatalysts.

5.2 Experimental details
5.2.1 Nanobelt synthesis
The anatase TiO2 nanobelts were prepared by hydrothermal treatment. Briefly, anatase
titanium dioxide powder (Alfa Aesar) was added into 10 M NaOH aqueous solution in a Teflonlined stainless steel autoclave. The autoclave was sealed and subsequently heated at 200 ºC for
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24 hours. After hydrothermal processing, white fluffy product was washed with copious
deionized water and 0.1 M hydrochloric acid until the pH of the washing solution is reduced to
≤7. The as-washed samples were then calcined at 700 ºC for 30 min at a ramp rate of 1 ºC/min.
For comparison tests, the nanospheres were purchased directly from Alfa Cesar without further
purification.

5.2.2 Material characterization
The UV-Vis absorption spectra were measured under the diffuse reflection mode using a
Shimadzu 2550 UV-Visible spectrometer equipped with an integrating sphere (UV2401/2,
Shimadzu). The photoluminescence (PL) spectra were acquired at room temperature with a
Hitachi F-7000 fluorescence spectrophotometer under the ultraviolet excitation of 250 nm. The
specific surface area of the particles was measured by Brunauer-Emmett-Teller (BET) method
(Accelerated Surface Area and Porosity System 2020, Micromeritics). The particle morphology
was observed with a Hitachi S4700 field-emission scanning electron microscopy (SEM). The
crystal structure was characterized by X-ray diffraction (XRD, X’Pert Pro PW3040-Pro,
Panalytical Inc.) with Cu Kα radiation, transmission electron microscopy (TEM), high resolution
transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) (a
200 kV FEI/Philips CM20 apparatus). For TEM sample preparation, the powders were
suspended in ethanol, and then one drop of this suspension was deposited onto a holey carbon
film supported by a copper grid. The TEM specimen was dried in air prior to the TEM
examination.
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5.2.3 Photocatalysis experiments
The photocatalysis experiments were carried out in a commercial photoreactor (LUZ-4V,
Luzchem) equipped with the 148 W UVA lamp (Centered at 350 nm, LZC-UVA, Luzchem). A
total of 10 mg TiO2 catalysts were added to 10 ml solution of 20 mg/L methyl orange in a 10 ml
polyethylene tube. Before irradiation, the suspensions were sonicated in the dark for 5 minutes.
During the irradiation, the tubes were placed onto the carousel inside the photoreactor to ensure
the even exposure of each tube to the UVA light. At the different irradiation time intervals, the
tubes were unloaded and then centrifuged at 10,000 rpm for 1.5 hours to separate the supernate
and the catalysts. The supernates were collected and analyzed by recording the characteristic
absorption of methyl orange (464 nm) using a UV-Vis spectrometer. According to the calibration
plot of the UV absorption as a function of the remaining methyl orange concentration, the
efficiency of the methyl orange decomposition was calculated.

5.2.4 Radical measurement
Following the approach developed by Uchino et al [14], the OH• radicals that were
generated by the TiO2 particles under ultraviolet (UV) irradiation were quantified with an X-band
electron spin resonance (ESR) spectroscopy/spin-trapping technique. A suspension of TiO2
particles (100 mg/L) was mixed with a OH• radical spin-trapping agent- 5,5-dimethyl-1pyrroline-N-oxide (DMPO, 100 mM) in the aqueous solution. This solution was kept in the dark
for 30 minutes and then irradiated with the UVA lamps at an emission maximum at 350 nm for 5
minutes. The ESR spectrum was subsequently acquired with an ESR spectrometer at an ambient
temperature.
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5.2.5 DFT calculation
An ab initio tight-binding method, called Fireball, which is based on density functional
theory with nonlocal pseudopotentials within the local density approximation (LDA) [15], was
used to simulate the electronic structure of the TiO2 anatase nanobelts and nanospheres. The
confined atomic-like orbitals were used as a basis set for the determination of the occupied
eigenvalues and eigenvectors of the one-electron Hamiltonian. The calculation was undertaken
entirely in real space, which provided substantial computational efficiency. Hamiltonian and
overlap matrix elements are precalculated on a numerical grid and the specific values needed for
a particular instantaneous conformation are extracted from the tabulated values via interpolation.
Naturally, the integral tables need to be generated only once, for a given set of atomic species,
rather than performing quadratures "on the fly" during a molecular dynamics (MD) run. In the
calculations, a minimal basis set for O and Ti was chosen with the addition of an excited p-state
for polarization to Ti ground-state configuration. This method has been successfully used for
obtaining geometries and electronic properties of bulk TiO2 material and TiO2 nanostructures [16,
17].
Since the transport mobility of the charge carriers in the anatase TiO2 lattice is linearly
related to conductivity, one can estimate the conductivity. It was reported [18, 19] that the KuboGreenwood formula (KGF) built the natural approximate connection between the conductivity
and the electronic states (localized states) and energies. Hence the Kubo formalism in
conjunction with ab inito methods in FIREBALL was used to estimate the dc conductivity in the
TiO2 nanobelts and the nanospheres. The dc conductivity was computed from trajectory
averaged quantities using the formulae developed in Ref. [20]. The well relaxed models of TiO2
nanobelts and nanospheres were used in the present work. The models were prepared at room
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temperature (T=300K) for a total time of 15.0 ps. Once the models were well equilibrated, a
constant temperature MD simulation for another 2000 steps was performed where data were
collected after every 10 steps to obtain the average dc conductivity.

5.3 Material characterization
The BET adsorption analysis showed that the specific surface areas of the nanobelts and the
nanospheres were 20.83 m²/g and 57.70 m²/g, respectively. Both the as-synthesized titania
nanobelts and the commercial titania nanospheres exhibited the monolithic anatase phase, as
confirmed by the XRD patterns in Fig. 5.1. Fig. 5.2 shows the images of the nanobelts and
nanospheres. The nanospheres are around 150 nm in a diameter. The nanobelts are 60~400 nm
wide (mostly around 80 nm) and ~10 nm thick. The length of the nanobelts varies from several
microns to 30 μm. Fig. 5.3(a) shows a bright-field TEM image taken from single nanobelt that is
170 nm wide and about 10 nm thick, which can be determined with a series of TEM images
observed from different directions. The nanobelts are single crystalline anatase TiO2 (tetragonal
a= 0.3785 nm, c=0.9415 nm), which is derived from the selected area electron diffraction (SAED)
pattern taken from the nanobelt along the [100] direction, as shown in the insert in Fig. 5.3(a). In
this SAED pattern, the strong spots resulted from the basic structure of anatase TiO2 and the
weaker diffraction spots may imply a structural modulation on the basic structure. After the
correction of the relative rotation between the image and the diffraction pattern, the growth
direction of the nanobelt is determined to be [010]. This is supported by the high resolution TEM
image in Fig. 5.3(b), where the lattice fringes are perpendicular to the growth direction with a
spacing of 0.38 nm, which is equal to the lattice parameter (0.38 nm) in the [010] direction. In
addition, the crystallographic plane of two major exposed surfaces of the nanobelts is determined
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to be (101) facet as shown in Fig. 5.4. In order to identify this, several pairs of SAED patterns
and bright-field images were recorded in different crystallographic orientations while the [010]
axis remains horizontal (Fig. 5.4(a)). The projected widths of the nanobelt were measured from
the images and the orientations of the nanobelt from TEM goniometer readings as well as the
patterns. Because the [010] axis remained in the same direction during tilting, the orientation of
the nanobelt can be described by α, the angle between the electron beam and the normal of the
(101) plane (Fig. 5.4 (b)). The projected widths and the α values are listed in Table 5.1. If the
major surfaces is the (101) facet, the projected width (p) of a nanobelt with thickness (t) and
width (w) is dependent on the α value and can be calculated by the formula,
P (α ) = w cos(α ) + t sin(α )
If all pairs of p and α satisfy the formula, it is true that the major surface is the (101)
plane, and the values of w and t can be determined as well. The data of four pairs of p and α in
Fig. 4 are summarized in Table 1. It can be seen that they satisfy the formula within the error
limit of 5%. w and t are 180 nm and 10 nm, respectively. Thus it is confirmed that two major
exposed surfaces of the nanobelts are terminated with the (101) facet, which is the most
thermodynamically stable crystal facet of anatase TiO2 [21].

101

(101)

Intensity (A. U.)

nanobelts
(112)
(103) (004)

(200) (105)
(211)
(204)

(116)
(220) (215)

nanospheres

10

20

30

40
50
2θ (Deg)

60

70

80

Figure 5.1 XRD patterns of as-synthesized anatase TiO2 nanobelts and commercially purchased
anatase TiO2 powder

Figure 5.2 SEM images of (a) as-synthesized anatase TiO2 nanobelts and (b) commercially
purchased anatase TiO2 nanospheres. The scale bar indicated in the figure denotes 1 μm.
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(b)

Figure 5.3 (a) Bright-field TEM image taken from a single TiO2 nanobelt, the insert is the
selected area electron diffraction (SAED) pattern taken from this nanobelt; (b) HRTEM image.
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Figure 5.4 (a) Bright-field TEM images and corresponding SAED patterns of a TiO2 nanobelt
recorded in different crystallographic orientations while keeping the [010] axis horizontal; (b)
Schematic illustrations of the nanobelt and the relationship between the incident beam and the
nanobelt while taking images and diffraction patterns in (a).

Table 5.1 Experimental and calculated widths of one nanobelt tilted at different angles

1
2
3
4

α
-47.4
-21.7
-2.3
2.1

Pexp
126 nm
168 nm
180 nm
180 nm
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Pcal
129 nm
171 nm
180 nm
180 nm

5.4 Photocatalysis performance
The photocatalysis performance was evaluated in terms of the decomposition rate of
methyl orange in an aqueous solution catalyzed by the TiO2 nanoparticles under the UVA light
irradiation. It can be seen from Fig. 5.5 that the nanobelts exhibited better photocatalytic activity
than the nanospheres from the beginning to the end of process. In order to clarify the underlying
mechanism of the enhanced photocatalytic activity of the anatase (101) TiO2 nanobelts as
compared to the nanospheres, we have investigated how the shape and the surface structure of
the nanobelts affect the following four processes in photocatalysis: (a) light-adsorption induced
formation of conduction-band electrons and valence band holes; (b) transfer of the
photogenerated electrons and holes to the photocatalyst surface; (c) trapping of the
photogenerated charge carriers at the surface and formation of reactive oxygen species (ROS); (d)
recombination of electron-hole pairs.
(a). Light adsorption: Fig. 5.6 shows the UV-Visible spectra of the TiO2 nanobelts and
the nanospheres. Under the ultraviolet irradiation, electrons in the valence band absorb the
photon energy and shift to the conduction band, leaving holes in the valence band. Light
adsorption is mainly determined by the band structure and the dipole matrix elements. It is
deduced from Fig. 5.6 that the bandgap of the nanobelts and the nanospheres is almost identical
(3.4 eV). Given their similar specific surface area, no evident difference in the light adsorption
efficiency between the nanobelts and the nanospheres was observed.
(b). Transfer of electrons and holes to the photocatalyst surface: Mobility of charge
carriers in TiO2 is the key factor to the photocatalysis efficiency. For example, although anatase
TiO2 has larger bandgap than rutile, it is more photoactive than rutile. One of the major reasons
is that its electron mobility is 40 times greater than that in rutile [22, 23]. Localized states lie
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within the mobility gap and their localization can impede the transfer of charge carriers to the
reactive sites at the photocatalyst surface. To examine the mobility, the electronic density of
states of these TiO2 nanoparticles was calculated by our Fireball method. For a particular
electronic state, the number of accessible atoms, W, is defined to describe the spatial extent of
that state [24]. W gives a quantitative, and easily calculable, measure for how many atoms a
particular state reaches. Smaller W indicates a more localized state. In Fig. 5.7, W of the
nanobelts for each electronic state near the valence and conduction band edges with is compared
to that of the nanospheres. The states near the band edges of the nanobelts are less localized
compared to those in the nanospheres. In addition, localized states are absent in the gap of the
nanobelts, which are present in the nanospheres. The ultraviolet light could excite the electrons
both in the valence band and in the localized midgap states into the conduction band, leaving
holes behind. These states in the gap act as traps for photoexcited holes, and consequently act as
the recombination centers. As a result, these holes will have very low mobility. In contrast, the
holes in the valence band are expected to have larger mobility which can be transfer to the preadsorbed species to directly oxidize them.
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Figure 5.5 Degradation of methyl orange aqueous solution by the TiO2 nanobelts and the
nanospheres under UVA light irradiation
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Figure 5.6 Diffuse reflectance UV-visible spectra of the TiO2 nanobelts and the nanospheres

In addition, the transport mobility of the charge carriers in the TiO2 lattice was also
calculated by the DFT method to quantitatively evaluate the capability of transporting charge
carriers to the particle surface. Since the mobility is linearly related to the conductivity, one can
estimate the conductivity which is much easier to calculate. The natural approximate connection
between the conductivity and the electronic states (localized states) and energies was considered
to estimate the dc conductivity in the TiO2 nanobelts and the nanospheres [18, 19]. At room
temperature the dc conductivity was estimated to be of the order of ~ 10-7 Ω-1 ·cm-1 for the
nanobelts and of the order of ~ 10-9 Ω-1 ·cm-1 for the nanospheres. Our results have given a crude
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estimation of the carrier transport in the nanostructures. Our results show that the conductivity of
the nanobelts is far greater than that of the nanospheres. Since the conductivity is tied to the
mobility, which suggests that the carrier mobility in the nanobelts is much larger than that in the
nanospheres.

Figure 5.7 Number of accessible atoms (W) for each electronic state near the valence and
conduction band edges of the nanobelts and nanospheres. By courtesy of D. Tafen and J. P.
Lewis.

(c). Trapping of charge carriers at the surface and formation of reactive oxygen species
(ROS): Photogenerated charge carriers can react with electron donors or acceptors adsorbed on
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the surface of photocatalysts [1-3, 25-27]. Typically, for photocatalysts in an aqueous solution,
the photogenerated valence-band holes interact with chemisorbed OH- or H2O to form surfacebound hydroxyl radical (OH•) and the conduction-band electrons react with adsorbed O2 to form
superoxide radical ( O2•− ) [28-31]. In the early-stage studies, the hydroxyl radical [1, 2] is
considered as the main oxidative species responsible for the oxidation of organics although some
reactions can also be initiated by direct hole oxidation especially when the adsorption of the
substrate is extensive and the concentration of substrate is relatively high [32]. In the later studies,
the superoxide radical has also been found to offer another reaction pathway for oxidative
degradation of organics [2, 3, 33-35]. In the present study, the amount of the photogenerated OH•
radical by the TiO2 particles upon UV illumination in the aqueous solution was determined by
the ESR signal intensity of the DMPO-OH• adduct (Fig. 5.8). ESR measurements gave direct
evidence that the hydroxyl radicals were involved into the photocatalysis process. It was also
found that the nanobelts even generated slightly less hydroxyl radicals than the nanospheres
although the nanobelts exhibited higher photocatalytic activity toward the decomposition of
methyl orange. Therefore, it is deduced that decomposition of methyl orange was not solely via
oxidation of methyl orange by the hydroxyl radical.
In this case, the role of superoxide radical was examined. It has been reported that
superoxide radical can be formed via adsorption of molecular O2 on the TiO2 surface in an
aqueous solution and subsequent trapping of photogenerated electrons [36, 37]. Trapping of
photogenerated electrons by molecular O2 can affect the photocatalysis efficiency in two ways.
In a direct way, the photoreduced superoxide radical anions can directly oxidize organics. In an
indirect way, capture of the photogenerated electrons enables the accumulation of more reactive
holes [38]. Even for a reaction photocatalyzed via the hydroxyl radicals, it is coupled with
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reduction of dissolved O2 initially to peroxide and ultimately to water. The hydroxyl radical- (or
hole-) initiated oxidation cannot be faster than the rate of O2 reduction by the photogenerated
electrons. When O2 is not reduced at a sufficiently high rate, the electrons accumulate on the
photocatalyst and consequently increase the rate of radiationless electron-hole recombination. In
this case, the rate of photooxidation is limited by the rate of O2 reduction [38-40]. In the present
work, in order to examine the role of molecular O2, a strong electron scavenger, in the
photocatalysis process, the decomposition reaction of methyl orange photocatalyzed by the TiO2
nanobelts and the nanospheres proceeded in the aqueous solution under the ambient air, the O2saturated and the N2-saturated conditions, respectively. For the decomposition reaction of methyl
orange catalyzed by the nanobelts, the photocatalysis rate was enhanced when the aqueous
solution was saturated with O2 by bubbling oxygen gas into the solution while the photocatalysis
rate was reduced under the N2-saturated condition (Fig. 5.9(a)). In contrast, switching from the
O2-rich to the O2-deficient condition had little effect on the rate of the reaction photocatalyzed by
the nanospheres (Fig. 5.9(b)). This suggests that adsorption and photoreduction of molecular O2
on the TiO2 nanobelt surface could be different from that on the nanosphere surface due to the
difference in the shape and surface structure.
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Figure 5.8 The peak intensity of the ESR spectra obtained from the DMPO solution, the TiO2
nanosphere-DMPO solution and the nanobelt-DMPO solution before and after UVA irradiation,
indicating the amount of hydroxyl radical (OH•) photogenerated under different conditions .

Thus the adsorption and photoreduction of oxygen molecules on the nanobelt and
nanosphere surfaces was further investigated using the Fireball method. For the anatase TiO2
nanobelts, the dominant surfaces are terminated by the (101) crystal plane. Therefore, it is
reasonable to consider only the (101) facet for our calculations. The (101) facet was modeled
using a slab by adding 20 Å of vacuum to a 384-atom bulk supercell containing eight TiO2 layers.
In this supercell, the geometry has been optimized by relaxing all the atomic positions without
any constraint. Fig. 5.10(a) shows the relaxed clean surface of anatase TiO2. The surface exposes
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fivefold (5c) and sixfold (6c) coordinated Ti atoms, as well as twofold (2c) and threefold (3c)
coordinated O atoms. The calculated surface energy is 0.81 J/m2, which is in good agreement
with that calculated by Lazzeri et al [21]. The nanosphere was cut from a perfect bulk anatase
supercell, with origin placed at the center of mass of the sphere. Some of the surface oxygen or
titanium atoms are removed to ensure the electroneutrality. During the optimization the diameter
of the nanosphere increases from 1.5 nm to 1.8 nm (Fig. 5.11(a)). The relaxed structure shows
significant structural disorder on the surface of the nanosphere, with the presence of both
undercoordinated Ti and O atoms [41]. The surface of the nanosphere shows the presence of
fivefold (5c), fourfold (4c), and threefold (3c) coordinated Ti atoms, as well as threefold (3c) and
twofold coordinated (2c) O atoms. It should be noted that the number of 5c-Ti sites is the same
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Figure 5.9 Degradation of methyl orange in an aqueous solution saturated with oxygen, nitrogen
and air, respectively. (a) for the reaction photocatalyzed by the TiO2 nanobelts under UVA light
irradiation; (b) for the reaction photocatalyzed by the nanospheres
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Fig. 5.10(b) shows the optimized geometry of an O2- anion-molecule absorbed on a 5c-Ti
site. The structure and geometry are in good agreement with that obtained by Mattioli et al [37].
In the O2- anion-molecule the two O atoms are both bonded with the 5c-Ti surface atom in a
symmetric configuration with equal Ti-O distances, 2.02 Å, close to that in the bulk anatase. The
formation of these two strong Ti-O bonds is confirmed by the value of the energy required to
detach the ion-molecule from the surface, ΔHdes = -2.13 eV. The absorbed O2 molecule induces
an acceptor electronic level in the energy gap and electrons occupying this acceptor level are
mainly localized on the O2 molecule as shown by the dramatic changes of geometry and
chemical bonding observed when going from the neutral to the charged molecules. The presence
of an acceptor close to the valence band maximum (VBM) indicates that an electron transfer can
easily occur from the surface to the molecule by forming an O2- radical. These results suggest
that absorbed O2- radical is hardly detached from the surface in a gas-solid system [37].
For the nanosphere, at the beginning one O2- ion-molecule was placed on the surface at a
distance 2.1 Å above one of the 5c-Ti sites of the nanosphere surface. During relaxation and
molecular dynamics (MD) run, the molecule continuously changed its orientation, dissociated
from the 5c-Ti sites, moved away from the surface and formed a weak bond with a 4c-Ti atom.
This result is supported by Ti-O distance of 2.70 Å between the Ti surface atom and one of the O
atoms of the molecule, to be compared with Ti-O bond distances of about 2.0 Å in the bulk. In
the case of nanospheres, two O2- anion-molecules were placed on the surface. After geometry
optimization one of the molecules moved away from the surface to form a weak bond with a 4cTi atom, and the other did not dissociate from the 5c-Ti site. But instead there was a breaking of
the bond between the weakly coordinated 3c-O and the 5c-Ti atoms involved in the adsorption
(see Fig. 5.11(b)). The two oxygen atoms are both bonded symmetrically with the 4c- Ti atom
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with Ti-O distance equals 1.88 Å and 1.86 Å. These bonds are very strong and are shorter than
those in the bulk anatase. The O-O distance in the final configuration is 1.49 Å. These results are
similar to that obtained by Mattioli et al. for the absorbed O2-2 anion molecule on the anatase
TiO2 (101) surface [37].

1

-

Figure 5.10 Optimized geometries of: (a) anatase (101) TiO2 surface; (b) O2 molecule absorbed
at the five-fold coordinated Ti site on the surface. By courtesy of D. Tafen and J. P. Lewis.
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Figure 5.11 Optimized geometries of: (a) anatase TiO2 nanosphere; (b) O2 molecule absorbed at
the five-fold coordinated Ti site on a surface. By courtesy of D. Tafen and J. P. Lewis.
The above results show that the O2 molecule-surface bonding is significantly
strengthened by the capture of one electron on the anatase (101) facet of the TiO2 nanobelt,
whereas in the nanosphere it weakens the O2 molecule-surface bonding. As direct consequences,
compared to the nanospheres, the single crystalline nanobelts with the (101) facet has better
capability of generating superoxide radical. As discussed above, promotion of the superoxide
radical formation on the TiO2 surface improves the photocatalysis efficiency. Keeping in mind
that the (101) facet dominates the surface structure of the nanobelts, it is believed that higher
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reactivity of oxygen molecules on the (101) facet is one of the origins of the enhanced
photocatalytic activity of the nanobelts than the nanospheres.
(d). Recombination of electron-hole pairs: The photocatalysis efficiency is determined by
the competition between the charge separation process and the charge recombination process,
both in the bulk and surface. Photoluminescence (PL) spectra can be used for evaluation of the
charge recombination rate as reported in the previous studies [42, 43], because PL spectra
directly arises from the radiative recombination processes of electrons and holes between two
different energy states. Hence the PL spectra were obtained from the TiO2 nanobelts and the
nanospheres, respectively (Fig. 5.12). The peak centered at around 365 nm in Fig. 5.12 was
attributed to the emission of the band gap transition [44]. The peaks around 470 nm and the
peaks around 550 nm were ascribed to the emission from the charge transfer transition of oxygen
vacancy trapped electrons [42, 45, 46]. The higher the PL emission intensity reflects the higher
the recombination rate of the photogenerated electrons and holes. It can be suggested from
Figure 5.12 that the nanobelts have a lower recombination rate than the nanospheres. The lower
electron-hole recombination rate of the nanobelts originates from the following factors: (i) the
charge carriers have higher mobility in the nanobelts than in the nanospheres; (ii) the
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Figure 5.12 Photoluminescence spectra of the TiO2 nanobelts and the nanospheres excited with
the ultraviolet light with the wavelength centered at 250 nm

single crystal along the longitudinal dimension provides more space as the pathway for charge
separation while the nanospheres are confined by the space; (iii) The anatase nanobelts with the
dominant surface terminated by the (101) facet have higher reactivity with molecular O2 than the
nanospheres. More superoxide anions are formed by trapping the photogenerated electrons on
the (101) faceted nanobelts. Thus more charge carriers are spatially separated on the nanobelt
surface.

118

5.5. Conclusions
Although the TiO2 nanobelts and the nanospheres possessed the same bulk phase
structure, similar specific surface area and photo-adsorption efficiency, the nanobelts exhibited
better photocatalytic activity toward degradation of methyl orange in an aqueous solution under
ultraviolet irradiation than the nanospheres. Our results have demonstrated that the enhanced
photocatalytic activity of the anatase TiO2 nanobelts originated from their unique shape and
surface structure. The nanobelts showed an enhanced reactivity with O2 molecules on the (101)
facet and thus generated more superoxide anions ( O2• -) on the photocatalyst surface, which was
confirmed by the density functional theory (DFT) calculation. Generation of superoxide anions
was a process of trapping the photogenerated electrons, which promoted charge separation.
Moreover, the DFT simulation showed that the nanobelts possessed higher charge carrier
mobility and provided a pathway for transport of charge carriers throughout the length direction,
which was expected to facilitate the charge separation. Therefore, the nanobelts showed lower
electron-hole recombination rate, which was confirmed by the photoluminescence measurement.
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Dioxide Nanobelt Photocatalysts
Previous chapters presented that nanobelts offers the best photocatalytic activity among
all the forms of nanostructures prepared by hydrothermal processing. However, the
photocatalysis of pristine TiO2 nanoalterials can be activated only under the ultraviolet (UV)
irradiation. This chapter shows how to extend the light adsorption range of TiO2 nanoalterials
from the UV region to the visible light region in order to maximize its utilization of solar energy.
To realize this goal, the TiO2 nanobelts are doped with nitrogen atoms by heat treatment in an
NH3 flow.

6.1 Introduction
The relatively high bandgap of TiO2 (3.2 eV for the anatase phase and 3.0 eV for the
rutile phase) requires ultraviolet (UV) light for electron-hole separation, which is only 5% of the
natural solar light [1-3]. It is of great significance to develop photocatalysts utilizing both UV
irradiation (290- 400 nm) and visible light (400-700 nm) in order to enhance the photocatalysis
efficiency. One approach is to dop various transition-metal cations (such as V, Cr, Mn, Fe and Ni)
into TiO2 for the Ti sites [3-7]. However, such cationic doping leads to the localized d-states
deep in the band gap of TiO2, which usually act as the recombination centers for photo-excited
electrons and holes, leading to lower photocatalytic activity [4, 5]. Another approach is to dope
TiO2 with anions such as N, C, S and B [8-11], which results in the p-states near the valence
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band much like other deep donor levels in semiconductors. Nitrogen doping has been shown to
extend the light absorption onset from 380 nm to visible light (usually above 500 nm) and to
offer possible photocatalytic activity under the visible light irradiation [9, 12-13]. However,
some issues regarding the N-doped TiO2 photocatalyst still remain unclear. These include:
(i). What is the underlying mechanism of the visible light response? Asahi et al [9] have
proposed that bandgap becomes narrow due to the hybridization of the N 2p state of the
dopant with the O 2p valence band of TiO2. Hence N doping will not cause the
recombination of photo-excited charge carries. In contrast, other calculations have show that
no bandgap narrowing is observed but N doping induces localized N 2p states within the
band gap just above the valence band maximum of TiO2 [14-16].
(ii). Does nitrogen doping induces other defect states like Ti 3d in the band gap?
(iii). How does nitrogen-doping affect the UV-excited photocatalytic activity although it extends
the light adsorption to the visible region? In a desirable case, nitrogen doping should enhance
the UV-responsive photocatalytic activity instead of diminishing it. Few studies have been
performed on the UV-responsive photocatalytic activity of N-doped TiO2 [17].
(iv).

Is the photocatalytic activity of highly N-doped TiO2 different from that of a TiO2

doped with low-concentrations of N? Based on the calculation by Asahi et al [9], bandgap
narrowing will occur when a high-concentration of oxygen sites (6 at% - 12.5 at%) are
substituted by nitrogen. In contrast, Okato et al [18] have claimed that a low concentration of
N-substitution does not lead to the bandgap narrowing and the bandgap narrowing does not
occur with an increase in the N concentration. The doping site of N atoms also associates
with the N concentration. In the same study, Okato et al found that increasing the N
concentration in TiO2 results in the transition of nitrogen dopants from substitutional to
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interstitial sites. In the present work, pristine anatase TiO2 nanobelts are synthesized by
hydrothermal processing and subsequently heat treated in NH3 to allow nitrogen doping into
TiO2 lattice. The nitrogen concentration in the TiO2 nanobelts is controlled by modulating the
heat-treatment temperature. The photocatalytic activities of the N-doped TiO2 nanobelts
under the UVA and the visible-light irradiations are evaluated by monitoring the degradation
of methyl orange in an aqueous solution. The chemical status of the nitrogen dopant and the
electronic structure of the N-doped TiO2 nanobelts have been studied using the
optical/photoemission spectroscopy combined with density functional theory (DFT)
simulation. The origin of the visible-light response and the dependence of the photocatalytic
activity on the N-dopant concentration are discussed.
In the present work, single-crystalline TiO2 nanobelts are chosen as the test material,
because one-dimensional (1D) nanostructures such as nanobelts, nanowires and nanotubes have
advantages over commonly used nanospheres or nanoparticles: (i) visible light scattering and
absorption are highly enhanced in nanowires due to their high length-to-diameter ratio and a total
length reaching hundreds of micrometers [19, 20]; (ii) the 1D geometry facilitates rapid,
diffusion-free electron transport along the longest direction; and (iii) the high degree of
crystalinity of the nanowires/nanobelts and the low number of grain boundaries may exhibit
lower recombination rates. It is well known that grain boundaries often act as the hole-electron
recombination sites.
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6.2 Experimental Details
6.2.1 Synthesis of N-doped TiO2 nanobelts
The synthesis of pristine anatase TiO2 nanobelts are described in detail in our previous
paper [21]. Briefly, 1.2 g anatase titanium dioxide particles (Alfa Aesar) were added to the asprepared 80 ml 10 M NaOH aqueous solution. The mixture was vigorously stirred for 1 hour and
then transferred to a 100 ml Teflon-lined stainless steel autoclave. The autoclave was sealed and
put into a preheated oven to perform hydrothermal treatment at 200 ºC for 24 hours. After
hydrothermal processing, white fluffy powder was collected and washed with copious amounts
of deionized water and 0.1 M hydrochloric acid until the pH of the washing solution was less
than 7. This resulted in the H2Ti3O7 nanobelts [21]. This product was then dried in an oven at 80
ºC overnight. Later, the samples were transferred to a ceramic boat which was placed in a quartz
tube furnace in ambient environment to perform calcination at 700 ºC for 30 minutes at a ramp
rate of 1 ºC/min. As a result, the pristine single-crystalline anatase TiO2 nanobelts were obtained
[21]. Subsequently, anatase TiO2 nanobelts were heat-treated in pure NH3 flow in a tubular
furnace equipped with a gas flow controller. Four N-doped samples were obtained by NH3
treatment at different temperatures ranging from 525 ºC -600 ºC for 3 h at a ramp rate of 10
ºC/min. The pristine sample was also annealed at 550 ºC in ambient air for comparison.

6.2.2 Characterization of nanobelts
The crystal structure of samples was characterized by powder X-ray diffraction (XRD)
(X’Pert Pro PW3040-Pro, Panalytical Inc.) using Cu Kα radiation. The morphology was
observed with a Hitachi S4700 field-emission scanning electron microscope (FE-SEM). For
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typical SEM sampling, 1 mg nanobelts were added into 5 ml absolute ethanol and then sonicated
for 10 minutes to achieve a homogeneous whitish transparent suspension. The suspension can
stay stable for several days without obvious settling at the bottom of the container. The
suspension was then dropped onto a smooth silicon wafer substrate (SPI Inc.) using a pipette and
dried naturally in air. The dry powder specimen on the Si wafer was observed under SEM.
The UV-Vis absorption spectra were measured under diffuse reflection mode using the
integrating sphere (UV2401/2, Shimadzu) attached to a Shimadzu 2550 UV-Vis spectrometer.
The powders were pressed into pellets and placed on a BaSO4 plate. The use of the diffuse
reflection mode for solid pellets excluded effectively the artifacts and inferences from the
variation due to inhomogeneity and the dispersion of nanoparticles in liquid.
The XPS experiments were performed with PHI 5000 Versa Probe system (Physical
Electronics, MN). The TiO2 nanobelts were pressed to form a pellet prior to XPS mesurement.
The binding energy of the XPS spectra was calibrated with the reference to the C1s peak at 284.8
eV.

6.2.3 Testing of photocatalysis
A commercial photoreactor (LUZ-4V, Luzchem) equipped with fourteen 8 W lamps was
used. The lamps centered at 350 nm (LZC-UVA, Luzchem) were employer for UVA irradiation
and the Vis-420 lamp centered at 420 nm (LZC-420, Luzchem) for visible-light irradiation. The
emission band of the visible-light source centered at 420 nm with a full-width at half-maximum
(FWHM) of 30 nm, which falls in the visible-light adsorption region of the N-doped samples,
excluding the possibility of self-degradation of methyl orange by photo-sensitization.
The photocatalytic activity was evaluated by the decomposition of methyl orange in
deionized water solution with an initial concentration of 20 mg/L. A total of 0.01 g catalysts
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were added to 10 ml methyl orange solution in a 10 ml polyethylene tube. Before irradiation, the
suspensions were sonicated in the dark for 5 minutes. During the radiation, the tubes were placed
onto a carousel to ensure even exposure of every tube to the light. After desired time intervals of
irradiation, the tubes were unloaded and centrifuged at 10,000 rpm for 1.5 hours to separate the
supernatant liquid from the catalysts. The supernatant liquid was collected and analyzed by
recording the characteristic absorption of methyl orange (464 nm) using the UV-Vis
spectrometer. The value of decomposition efficiency was calculated, based on the standard
absorption curve of concentration and absorption,. For the photocatalysis experiments including
methanol into the system, 0.2 ml methanol was added into 9.8 ml TiO2 aqueous suspension
containing methyl orange to perform the same procedure. The experiments including oxygen and
nitrogen into the system using the as-prepared 10 ml aqueous suspension containing methyl
orange and TiO2 was bubbled with the gas for 20 minutes using a syringe needle tip connected to
a gas flow controller.

6.2.4 Computational methods and models
To simulate the density of state (DOS) in TiO2, we used FIREBALL, an ab initio tight
binding-code based on density functional theory (DFT) with nonlocal pseudopotentials within
the local density approximation (LDA)[ 22]. The method uses confined atomic-like orbitals as a
basis set for the determination of the occupied eigenvalues and eigenvectors of the one-electron
Hamiltonian. For the calculations, we chose a minimal basis set for N, O and Ti, adding an
excited p-state for polarization to Ti ground-state configuration. This method has been
successfully used in obtaining geometries and electronic properties of bulk TiO2 material [23] as
well as TiO2 nanobelts and nanoparticles of various sizes [24].
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The atomic structure of the nanobelt was carved out from anatase structure, which is
found to be active in light absorption and photon-to-current conversion and is the prevalent one
in experiments [25]. For each nanobelt the stoichiometry was preserved and no saturation of
dangling bonds or charge embedding was applied. The initial geometries were then fully
optimized to the nearest local minimum structure. Based on the optimized geometries, we
constructed nitrogen-doped TiO2 nanobelts by embedding a few nitrogen atoms in the
interspaces of the supercell. Oxygen-vacancies were formed by removing few oxygen atoms
from the supercell. The resulting structures, TiO2-xNy (0.0≤ x,y ≤0.013), were then fully relaxed
and analyzed through electronic properties, fundamental ingredient in photocatalysis.
Fig. 6.1 shows a segment of TiO2 nanobelt comprising 96 TiO2 units in the anatase phase.
The dominant-area facet of the nanobelt is (101) which is stable and very reactive. Our nanobelts
are repeated along the [100] direction.

6.3 Characterization of morphology and crystal structure
Fig. 6.2 shows the SEM image of the pristine TiO2 nanobelts after hydrothermal
processing and calcination. The nanobelts were 60~400 nm wide and up to tens of micron long.
XRD analysis revealed that the pristine TiO2 nanobelts have a monolithic anatase structure (Fig.
6.3). The nanobelts were single-crystals with the growth direction along [010] and the two
dominant surface facets were (101) crystalline plane, as confirmed by transmission electron
microscope (TEM) analysis (data not shown). The nanobelts treated in NH3 flow are denoted as
N525, N550, N575 and N600, respectively. For example, N525 was the sample after NH3
treatment at 525 oC. The pristine anatase TiO2 nanobelts were pure white. N525, N550 and N575
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Figure 6.1 Segment of a relaxed nanobelt comprise of 96 TiO2 units in the anatase phase. The
red and gray are O and Ti, respectively. By courtesy of D. Tafen and J. P. Lewis.

were yellow and the color became dark yellow with an increase in temperature. N600 showed a
grayish green color. All the NH3 treated samples still retained a monolithic anatase phase. No
other nitrogen-containing compounds or other titania polymorphs were detected by XRD.
Moreover, there was no evident change in the XRD peak position of anatase after treatment in
NH3. A major difference between the pristine and the doped samples was that the peak intensity
decreased and the peaks were broadened after nitrogen doping, which could be clearly seen by
comparing the patterns of N600 and the pristine nanobelts. The size and shape of the nanobelts
did not change significantly after treatment in NH3. Thus it is inferred that the orderliness of the
crystal lattice of the anatase decreased upon nitrogen doping. In other words, some short-range
distortion or deformation might have occurred.
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1μm
Figure 6.2 SEM image of the pristine TiO2 nanobelts
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Figure 6.3 XRD patterns of the TiO2 nanobelts before and after heat-treatment in ammonia flow
at different temperatures
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6.4 Measurement of chemical status and electronic structure by XPS
XPS measurement was performed on the N-doped TiO2 nanobelts. The XPS spectrum of
the Ti 2P core level obtained from the pristine TiO2 nanobelts exhibited a Ti 2P3/2 peak at 458. 7
eV and an O 1s peak at 530.3 eV (Fig. 6.4 and Fig. 6.5). After treatment in NH3 at 600 oC, the Ti
2P3/2 and the O 1s peaks shifted to 458.1 eV and 529.5 eV, respectively (as listed in Table 6.1).
The shifts of Ti 2P3/2 and the O 1s peaks are mainly due to the introduction of oxygen vacancies
into the TiO2 lattice. At a temperature higher than 550 oC, NH3 is decomposed, releasing H2.
This reducing atmosphere can cause partial reduction of TiO2. It has been reported that the
reduction of stoichiometric TiO2 resulted in the shifts of both the Ti 2P3/2 and O 1s peaks to
lower binding energies [26]. In addition, density functional theory (DFT) calculation has drawn a
conclusion that nitrogen doping induces a substantial reduction of the formation energy of
oxygen vacancies in bulk TiO2 [27]. This indicates that nitrogen doping is accompanied by
oxygen vacancy formation. On the other hand, it has been reported that the incorporation of N
atom into the TiO2 lattice can also lead to the shift of Ti 2P3/2 to lower binding energy [28, 29].
Our XPS analysis determined that the nitrogen contents were 0.30 at % for Sample N525, 1.05
at% for N550, 1.20 at% for N575 and 1.53 at% for N600 (as shown in Table 1). As the heattreatment temperature increased, the nitrogen doping level increased. There is a leap in the
concentration from 0.3% for N525 to 1.05% for N550. This is due to the fact that the
decomposition of NH3 into N2 and H2 started at 550 ºC. The reducing atmosphere greatly
facilitates the doping of nitrogen due to the formation of oxygen vacancies.
Fig. 6.6 shows the N 1s XPS spectra of the pristine and the N-doped titania nanobelts. It
could be seen that there are two N 1s peaks present in the spectra of N-doped samples. For all the
N-doped samples, there is a peak at around 399.6 eV. For Sample N600, an additional peak
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appeared at 395.6 eV. The N 1s peak at 395.6 eV is characteristic of N3- that corresponds to TiN
[30, 31]. The N 1s peak at 395-397 eV obtained from N-doped TiO2 has also been assigned to
the Ti-N bonding by other researchers [18, 32-34]. The N 1s peak at around 399.6 eV is ascribed
to Ti-O-N or Ti-N-O oxynitride. One may argue that this peak could also be assigned to N-H or
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Figure 6.4 XPS spectra of the Ti 2P core level obtained from (a) pristine TiO2 nanobelts (b)
N600 (treated in NH3 at 600 oC)
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Figure 6.5 XPS spectra of the O 1s core level obtained from (a) pristine TiO2 nanobelts (b) N600
(treated in NH3 at 600 oC)
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Figure 6.6 XPS spectra of the N 1s core level obtained from the anatase TiO2 nanobelts before
and after heat-treatment in ammonia flow at different temperatures
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Figure 6.7 FTIR spectra obtained from Sample N550 (treated in NH3 at 550 oC). The peak at
522 cm-1 is characteristic of the symmetric stretching vibration of Ti-O; the peak at 792 cm-1 is
characteristic of the symmetric stretching vibration of Ti-O-Ti.

Table 6.1 The XPS peak position and the N content after treatment of TiO2 nanobelts in NH3 at
different temperatures
SAMPLE TREATMENT

N

N 1S

TEMPERATURE CONTENT PEAK

TI 2P3/2

O 1S

PEAK

PEAK

POSITION POSITION
pristine

POSITION

458.7 eV

530.3 eV

N525

525 oC

0.30 at%

399.6 eV

458.5 eV

529.8 eV

N550

550 oC

N575
N600

1.05 at%

399.5 eV

458.2 eV

529.5 eV

o

1.20 at%

399.7 eV

458.1 eV

529.5 eV

o

1.53 at%

399.6 eV

458.1 eV

529.5 eV

575 C
600 C

/395.6 eV

136

adsorbed NH3, because its binding energy is close to the value (398.7 eV- 399.7 eV) cited for
NH3 [30, 35]. In the present work, the N-doped samples were analyzed using Fourier Transform
Infrared (FTIR) spectroscopy. No additional band characteristic of N-H or NH3 was found in the
FTIR spectra (Fig. 6.7), which excludes the possibility that the peak at 399.6 eV is derived from
N-H or adsorbed NH3. This peak cannot be assigned to the NOx molecules, because the N 1s
binding energy for NOx is typically larger than 403 eV [30]. Moreover, our FITR measurement
did not detect any NOx molecules.
Nitrogen can be located in the anatase lattice of TiO2 interstitially or/and substituitonally.
As summarized by Fujishima et al [11], the N 1s peak at around 400 eV is typically assigned to
interstitial nitrogen dopant while the peak at around 396 eV is ascribed to substitutional nitrogen
dopant. The site of the N atoms in the TiO2 lattice depends on the synthetic route of N-doped
TiO2. Different synthetic routes make nitrogen species react with TiO2 in different fashions.
Valentine et al [14] have performed DFT calculations of nitrogen doping behaviors on singlecrystalline anatase TiO2 (101) surface. Their calculations showed that transition from the
substitutional to the interstitial nitrogen doping undergoes an exothermic process by 0.8 eV,
which implies that substitutional nitrogen formation starting from the interstitial one will require
more energy. Interstitial nitrogen doping is preferred under the oxygen-rich condition, whereas
under oxygen-depleted conditions (at high reducing condition) after annealing at high
temperature, substitutional N in parallel with oxygen vacancy is favored. In addition, it has been
reported that at high temperature, oxygen vacancies in a single-crystalline TiO2 (110) surface
occur at ~580 oC in vacuum. Furthermore, the presence of nitrogen dopant facilitates the
formation of oxygen vacancies [16, 36, 37]. In the present work, the pristine single-crystalline
anatase TiO2 nanobelts with the (101) crystal plane as the dominant surface facets were obtained
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by calcinations in air of hydrogen titanate (H2Ti3O7). During calcinations, water molecules are
released [21], leading to numerous dangling oxygen bonds exposed on the surface, which creates
an oxygen-rich surface. Therefore, at relatively low temperature, the nitrogen atoms tend to sit in
the interstitial sites (all the nitrogen atoms were located in the interstitial sites when the N
content was below 1.2 at%). At relatively high temperature (600 oC) under the reducing
atmospheric condition (more H2 are produced via decomposition of NH3 at higher temperature),
some of nitrogen atoms are incorporated into the TiO2 lattice substitutionally in addition to the
presence of the interstitial nitrogen atoms. It is worthy noting that the interstitial N atoms are
limited in a very low range (even at only 1.53 at% N, excessive N atoms were present in the
substititutional sites after the N atoms at the interstitial site become saturated).
In summary, the present work reveals that interstitial nitrogen doping appears at low
nitrogen-dopant concentration at relatively low treatment temperature (in the sample treated at
525, 550 and 575 oC) while substitutional nitrogen atoms are also present in addition to the
interstitial nitrogen dopant at relatively high temperature (in the sample treated at 600 oC). The
result obtained in the present work is in disagreement with that reported by Okato et al [18].
Okato et al reported that at a low concentration, the N atoms were doped into the O sites
substitutionally. The N dopant became saturated in the substitutional sites as the concentration of
N increases in TiO2. As a result, the excessive N atoms were interstitially doped into the TiO2
lattice, producing deep-level defects. The controversy could be due to the difference in the
synthesis route employed. They have employed a pulse-laser deposition method to make the Ndoped TiO2 film by using the mixed TiO2 and TiN powders as the target.
Fig. 6.8 shows the valence band spectra obtained from the pristine TiO2 nanobelt sample
and the N-doped sample (N575, treated at 575 oC). After nitrogen doping, the valence band edge
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has exhibited about 0.3 eV of red shift. Moreover, small bands occurred above the valence band
maximum (VBM) and there are small bands close to the Fermi level (EF), where the binding
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Figure 6.8 XPS spectra of TiO2 nanobelts, showing the valence bands for the pristine and N575
sample (treated in NH3 at 575 oC)

6.5 Calculation of the density of states (DOS)
The electronic structure of the anatase TiO2 nanobelts were further analyzed through
calculated density of states. We plot in Fig. 6.9(a) and 6.9(b) the density of states (DOS) and the
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projected DOS for the nitrogen-doped and the nitrogen-oxygen vacancy-containing nanobelts,
respectively, and compare with that of the pristine titanium oxide nanobelts. The calculated band
gap of the pristine TiO2 nanobelt was 3.42 eV compared to the experimental value of 3.26 eV
derived from the UV-Visible spectrum (Fig. 6.11). The use of a local orbital basis set in our
calculations compensates the underestimating effect of the LDA on the optical gap. The
difference between the calculated and experimental band gaps is a quantum confinement effect
due to the size of the calculated nanobelts compared to experiments. For the pristine titanium
oxide nanobelts, the valence band (VB) and the conduction band (CB) consist of both the O 2p
and Ti 3d states as in the bulk [38]. As nitrogen atoms are doped into TiO2, the N 2p states are
delocalized (Fig. 6.10), and significantly contribute to the formation of impurity energy levels
hybridized by O 2p states and Ti 3d states (Fig. 6.9(a)). For the interstitial nitrogen-doped
nanobelts, two isolated impurity levels are located above the valence band maximum (VBM).
The contribution of N 2p states to these impurity energy levels increase with increase in the
nitrogen concentration. In addition, an add-on shoulder is present on the edge of the VBM.
When N-doping is accompanied by the presence of the oxygen vacancies, an additional
deep donor level is introduced below the conduction band minimum (CBM) (Fig. 6.9(b)). These
energy levels mainly consist of the 3d states of Ti3+. The deep donor level was located at a
distance of 1.28 eV and 1.20 eV from the CBM for the oxygen vacancy concentrations of 0.34 %
and 0.70 %, respectively. In summary, when both the nitrogen atoms and the oxygen vacancies
are present in the lattice of the anatase titanium oxide nanobelts, several local states appear in the
band gap besides the presence of an add-on shoulder on the tail of the VBM.
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(a)
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(b)

Figure 6.9 Calculated density of state (DOS) and the species-projected DOS (The dashed lines
indicate the position of the Fermi level); (a) TiO2 with various nitrogen concentrations of dopant
(0.33 at%, 0.69at% and 1.37 at%) in the absence of the oxygen vacancy; (b) N-doped TiO2 with
a fixed nitrogen concentration (1.3 at%) in the presence of different concentrations of oxygen
vacancies (x=0.0034, 0.0070). Black solid line- total DOS; green dash line- O 2p states; blue dot
line- Ti 3d states; red dash line- N 2p states. By courtesy of D. Tafen and J. P. Lewis.

142

Figure 6.10 Calculated density of state (DOS) for N 2p at different nitrogen contents in the
anatase TiO2 lattice (The dashed lines indicate the position of the Fermi level). By courtesy of D.
Tafen and J. P. Lewis.

6.6 Measurement of light response
Fig. 6.11 shows the UV-Visible spectra of the pristine and the nitrogen-doped titania
nanobelts. For the pristine anatase TiO2 nanobelts, the adsorption spectrum was cut off at around
380 nm, to determine the band gap, 3.26 eV. For the N-doped nanobelts, an add-on shoulder was
imposed onto the cut-off edge of the adsorption spectrum, which extended the absorption from
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380 nm to 550 nm. The absorbance intensity in the wavelength range from 380 nm to 550 nm
increased as the heat-treatment temperature under NH3 is increased. Such light absorbance
enhancement in the near UV region and in the visible-light range was consistent with the yellow
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color characteristic of the N-doped titania samples.
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Figure 6.11 Diffuse reflectance spectra of the anatase TiO2 nanobelts before and after heat
treatment in ammonia gas flow at different temperatures

The extension of the light adsorption from the UV to the visible range arises from the
contributions of both the doped nitrogen atoms and the oxygen vacancies in the lattice, because
the interstitial nitrogen atoms induced the local states near the valence band edge and the oxygen
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vacancies gives rise to the local states below the conduction edge. Excitation from such local
states to the conduction band is consistent with the red shift of the adsorption edge of the UV-Vis
spectrum to the lower energy. Recently Serpone has proposed [39] that oxygen vacancies
induced by cation doping in TiO2 can act as the color center. The electrons left in the oxygen
vacancies can also interact with adjacent Ti4+ to give the Ti3+ color center. The presence of these
color centers in titania causes the extension of the light adsorption from the UV region to the
visible region. Therefore, the samples are treated at higher temperatures, more oxygen vacancies
are created due to higher N dopant content, as discussed in the previous sections. Therefore, the
visible light absorbance is higher for the samples treated at higher temperature.

6.7 Evaluation of photocatalytic activities
The photocatalytic activities of the nanobelts were evaluated by monitoring the
decomposition of methyl orange in an aqueous solution under the visible light and the UV
irradiations, respectively. The direct decomposition of methyl orange without the presence of
photocatalysts was not detected under the visible light irradiation in a control experiment. Fig.
6.12 shows the degradation curve of methyl orange catalyzed by the pristine and the N-doped
titania nanobelts under the visible light irradiation. A trend in the photocatalytic activity has been
observed in the following order: N550>N575> N525 > pristine>N600. The feeble response of
pristine sample for visible light might be due to its intrinsic oxygen vacancy or other reasons.
The photocatalytic activity of the N-doped nanobelts upon the visible light irradiation increases
with N content except for Sample N600. Fig. 6.13 shows the decomposition curves of methyl
orange catalyzed by the
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Figure 6.12 Photocatalytic activities of the titania nanobelts under visible light irradiation
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Figure 6.13 Photocatalytic activities of the titania nanobelts under UVA irradiation
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nanobelts upon UV exposure. As compared to the photocatalytic activity of pristine sample,
sample N550 demonstrates a slightly enhanced activity while N525 shows a slightly reduced
activity. In contrast, N575 and N600 exhibit a significant reduction in the photocatalytic activity.
Sample N600, which has the highest nitrogen concentration, has the lowest activity under both
visible light and UV irradiation.
When the energy of an incident light exceeds the band gap of the photocatalyst during
photocatalysis process, electrons in the valence band will be excited into the conduction band,
leaving holes in the valence band. The electrons and holes will be further transferred to the
photocatalyst surface. Subsequently the charge carriers can form reactive oxygen species (ROS).
Typically, the photo-generated electrons combine with adsorbed oxygen to form superoxide
anions ( O2• -) and the hole react with OH- to form hydroxyl radicals (OH•) [1]. The photogenerated charge carriers or ROS will react with reactants. To examine the roles of photogenerated electrons and holes in photocatalysis of methyl orange, comparative experiments were
performed by incorporating methanol, oxygen gas and nitrogen into the photoreactor. Here
methanol acted as the scavenger for the photo-generated holes; oxygen can trap the photogenerated electrons to generate superoxide anions; and nitrogen can deplete the oxygen content
in the solution. Fig. 6.14 shows the degradation curve of methyl orange catalyzed by Sample
N575 under the visible light irradiation in the absence and presence of methanol, oxygen and
nitrogen, respectively. When methanol is present around the TiO2 surface, it will actively
scavenge the holes photo-generated from the valence band, and thus suppresses the formation of
surface hydroxyl radicals. In fact, no evident change in the photocatalysis rate of the
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Figure 6.14 Photocatalytic activity of Sample N575 under visible-light irradiation in the absence
and presence of methanol, oxygen and nitrogen, respectively

system was observed after methanol was added into the solution. This indicated that the photogenerated holes or the hydroxyl radicals did not play a major role in decomposing methyl orange.
In contrast, the photocatalysis rate of the system was significantly reduced by saturating the
aqueous solution with nitrogen to deplete the oxygen in the solution. This suggests that oxygen
play an important role in degrading methyl orange. Saturating the aqueous solution with oxygen
did not enhance nor reduce the photocatalysis rate. Therefore, the generation of electrons and
superoxide anions by incident light irradiation is the rate-limiting step during photocatalysis of
the decomposition of methyl orange in the present investigation.
The overall photocatalytic activity depends on two factors: (i) the photo-generation
efficiency of charge carriers (electrons and holes), and (ii) the recombination rate of the photogenerated electron-hole pairs. The holes or the surface hydroxyl radicals are generally viewed as
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major oxidizing agents for degrading reactants while superoxide anions formed by scavenging
the electrons from the conduction band are also capable of oxidizing reactants. In the present
work, the superoxide anions are proposed to play a dominant role in photocatalysis as indicated
in Fig. 6.14. Based on the DOS calculation and XPS analysis results, the add-on shoulder on the
edge of VBM is induced by the N 2p states and the local N 2p levels are present above the
valence band maximum for the nitrogen-doped titania nanobelts. The electrons in these levels
can be excited to the conduction band by visible light. These photo-generated electrons are
bound to the oxygen to produce superoxide anions, which lead to photocatalytic activity under
the visible light irradiation. As inferred from the UV-Vis spectra in Fig.6.11 that the absorbance
in the add-on shoulder increases as the nitrogen concentration goes up, the electron generation
rate also increases upon visible light irradiation as the nitrogen concentration rises, which leads
to the enhanced photocatalytic efficiency. However, the holes in these N 2p deep-levels induced
by the interstitial N dopant are highly localized, thus have a very low mobility [24], and
consequently are barely involved in the photocatalysis.
The 3d states of Ti3+ below the conduction band at around 1.2 eV, in which Ti3+ are
typically formed by trapping the electrons adjacent to the oxygen vacancy sites, can contribute to
the visible light adsorption as the color center. However, these levels act as electron-hole
recombination centers, leading to the decrease in the photocatalytic activity. This is in agreement
with the previous studies [40, 41], in which the Ti3+ sites associated with oxygen vacancies are
considered as the recombination centers for the photo-induced electrons and holes. In the present
work, the N content in the titania lattice increases with the heat treatment temperature leading to
an increase in the concentration oxygen vacancis. Sample N600 with the highest N dopant
content has the most oxygen vacancies and the most Ti3+ species. Furthermore, substitutional N
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atoms may cause additional Ti3+ species. Hence, it is not surprising that sample N 600 exhibits
the lowest photocatalytic activity.
For the N-doped nanobelts, only electrons in N 2p-induced level right above the VBM
can be excited to the conduction band under the visible light irradiation. In contrast, the electrons
both in the valance band and in the localized N 2p levels are excited to the conduction band
under the UV irradiation. The UV-induced charge carriers from the localized N 2p levels account
for a very small percentage in comparison to those from the valence band. More charge carriers
are generated in the N-doped titania nanobelts than the pristine titania sample under the UV
irradiation. However, the holes in the local N 2p states in the band gap, induced by N doping, are
highly localized thus have a very low mobility. These localized N 2p levels along with the 3d
states of Ti3+ in the band gap act as the recombination centers for the charge carriers photoinduced from the valence band. In short, although N doping promotes the generation of charge
carriers to some degree under the UV irradiation (pros effect), it leads to higher recombination
rate (cons effect). Therefore, N-doping has limited contribution to the enhancement of
photocatalytic activity under the UV irradiation. Sample N550 is the best among all the samples,
which only demonstrates a slightly enhanced activity. All other N-doped samples exhibit lower
UV photocatalytic activity than the pristine titania nanobelts. In this case, the cons effect of the N
doping dominates over the pros effect. An additional side effect of annealing in NH3 at too high
temperature is the reduced crystalinity, which is confirmed by XRD analysis. The crystalinity of
both Sample N575 and N600 is degraded as compared to the pristine sample. A lower
crystalinity of titania also points to lower photocatalytic activity [42].
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6.8 Conclusions
The nitrogen doped titania nanobelts were prepared by heat treatment in NH3 at elevated
temperature. The N-doped nanobelts retained the anatase structure even after exposure to NH3
form 525 oC to 600 oC. The nitrogen dopant level in the lattice increased with an increase in the
treatment temperature accompanied with increase in the oxygen vacancies. Nitrogen atoms were
induced on the interstitial site at a lower N doping level. At 1.53 at % level, the interstitial sites
became saturated and extra N atoms were located on the substitutional sites in the anatase lattice.
XPS measurement and FIREBALL calculations of DOS have demonstrated that nitrogen
doping induced an add-on shoulder on the edge of the valence band maximum and the localized
N 2p states above the valence band. The 3d states of Ti3+ below the conduction band were also
originated due to the presence of oxygen vacancies in the anatase lattice.
For the N-doped nanobelts, an add-on shoulder was imposed onto the cut-off edge of the
UV-Vis adsorption spectra, which extended the adsorption range from 380 nm to 550 nm. The
visible light adsorption is promoted from the N 2p levels near the valence band maximum and
the color centers induced by the oxygen vacancies and the Ti3+ species. The higher N dopant
level resulted in a red shift of the absorption edge and an enhancement of absorbance in the
visible region.
The visible light responsive photoactivity of the N-doped titania originated from the
excited electrons from the N 2p states on the edge of valence band maximum (VBM) and the
local N 2p levels above the VBM. The 3d states of Ti3+ below the conduction band, which were
associated with oxygen vacancies, acted as the electron-hole recombination centers, leading to
the reduction of photocatalytic activity. For the N-doped titania nanobelts, only electrons in the
N 2p levels above the VBM can be excited to the conduction band under the visible light
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irradiation while the electrons both in the valance band and in the localized N 2p levels were
excited to the conduction band under the UVA irradiation. When the N dopant content increased,
more electron were available to be excited from the localized N 2p levels near the valence band
maximum while the oxygen vacancies and the associated Ti3+ species increased in the anatase
lattice. Sample N600 exhibited the worst photocatalytic activity due to the highest defect
concentration.
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CHAPTER 7: In-situ Surface Chemistry
Mediated Phase Transformation of Titanate
Nanobelt under Hydrothermal Conditions

This chapter seeks to elaborate the phase transformation of titania in-situ mediated via
surface chemistry during second hydrothermal treatment. A systematic study is performed on the
surface chemistry factors that control the phase transformation process. The surface chemistry
induced phase transformation mechanism is proposed based on the crystallographic examination.

7.1 Introduction
TiO2 exists in nature in three polymorphs: anatase, rutile and brookite. Anatase and rutile
bear important technological interests because they have the higher photocatalytic activity [1-5].
Numerous experimental and theoretical works have been devoted to tailor the phase structure of
TiO2 on the nanoscale primarily by wet-chemical routes such as sol-gel, hydrothermal,
microemulsion and etc. [6-15]. Most wet-chemical routes utilize the hydrolysis or solvolysis of
titanium halides/alkoxides in water or organic solutions [7-15]. Hydrolysis of titanium chlorides
has been reported for synthesis of anatase nanocrystals at A relatively low temperature (below
200ºC). The solid polymorphs are thought to form by condensation of the hydrolysis
intermediates [Ti(OH)x(H2O)y]n+ units [10, 11]. Fine tuning of the crystal structure and
morphology of nanocrystalline TiO2 has also been somehow achieved and rationalized
theoretically [8-12]. The formation reaction and the final products are sensitive to the pH value,
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the concentration and the ratio of the precursor materials and the presence of mineralizers or
surfactants. Among all the above factors, the pH is the factor that dominates the phase formation
of TiO2 in most wet-chemical synthesis processes. The influence of pH on the formation process
could be explained with the well-established partial charge model. This model depicts how the
pH value affects the specific structure of the intermediate cation [Ti(OH)x(H2O)y]n+ and how the
oxolation and olation happen among these cations, thus finally determines the resulting crystal
structure [9]. Direct use of lab-made hydrolysis intermediate [Ti8O12(H2O)24]Cl8·HCl·7H2O
instead of usual alkoxide or halides to synthesize TiO2 was also reported [16]. The process and
resultant products showed the same dependence on the pH value and on the precursor molar ratio.
Hydrothermally treatment of bulk TiO2 materials in a concentrated alkaline solution
followed by washing results in the scrolled nanotubes in around 10 nm diameter [17, 18]. The
follow-up studies showed that the hydrothermal product exhibited a layered hydrogen titante
structure instead of the originally claimed anatase TiO2 [19]. Hydrothermal treatment at an
elevated temperature could lead to the formation of high aspect ratio hydrogen titanate
nanowire/nanobelt structure. The hydrogen titanate structure is intrinsically similar to the titania
polymorphs. Its structure is the stack of TiO6 octahedron through edge and corner sharing in a
zig-zag way into layers with hydrogen ions intercalated between the layers [20]. When being
placed in an aqueous solution, the surface layer of TiO6 octahedron could bind with H+, H-O-H
as well as dissociated OH- [21]. This structure resembles the oxolation/olation products obtained
from the hydrolysis intermediates in a traditional hydrolytic reaction. This reminds that the
hydrogen titanate structure can go through a similar condensation process and transform into the
titania polymorphs under the hydrothermal treatment similar to the traditional hydrolytic reaction.
Furthermore, the difference of this reaction from the regular hydrolytic reaction is that it happens

156

at the liquid-solid interface instead of in a homogeneous liquid environment. This opens up a
new material processing route- tuning the phase structure by modulating surface chemistry. A
thermodynamic model has been developed to investigate the effects of surface chemistry on the
morphology and the phase stability of titanium dioxide nanoparticles based on surface free
energies and surface tensions obtained from the first principles calculations [22]. It has been
found that acidic and alkaline surfaces have a significant influence on both the shape and phase
transitions of the nanocrystals [23]. Thus it was inferred from this theoretical study that the phase
transitions can be induced by changing the surface chemistry. This kind of process is called as
“in-situ surface chemistry mediated phase transformation”.
In the viewpoint of stoichiometry and crystallography, the transformation from H2Ti3O7
to TiO2 involves the removal of one water molecule as well as the reconstruction of the TiO6
octahedra arrangements. Unlike the high temperature induced phase transformation, this in-situ
process in an aqueous solution involves the interaction between the H2Ti3O7 lattice with the ions
that might bind to selective sites on the outmost layer, react with certain species on the precursor
surface, or intercalate between the layers. The consequences of those interactions are the charge
imbalance on the Ti-O skeleton and surface tension between layers, which makes the system
unstable and lead to intramolecular condensation to more stable crystal phase, usually
accompanied by the morphological change. Investigating of the transformation process provides
an insight into the crystallographic characteristics of the 1-D titanate nanostructures under
hydrothermal condition.
The in-situ transformation of the hydrogen titanate nanobelts to the TiO2 nanostructures
results in a faceted rather than spherical structure in the absence of any surfactant that is used to
selectively bind to specific crystalline facets for directing the crystal growth direction. This
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process does not involve the dissolution or melting of the existed species. Instead, it is a process
of adjustment and rearrangement of precursor lattice. The faceted structures like rods and squares
have specific crystalline planes exposed. It has been theoretically shown that certain crystalline
surface of oxides possesses higher reactivity than others [24].
It is worthy noting that the more delocalized carriers in rods could potentially reduce the
electron-hole recombination probability [25]. This renders an advantage in photocatalysis and
photovoltaic application.
In the present work, second hydrothermal treatment is performed on the hydrogen titanate
nanobelts obtained from the first alkaline hydrothermal reaction. The phase transformation
process in the H2Ti3O7-H2O-HCl-NH3 hydrothermal system is investigated. Different prevalent
species in the solution modifies the surface of the hydrogen titanate nanobelt precursor to induce
the evolution of crystal structure and morphology in different ways. The photocatalytic activities
of the titania samples after second hydrothermal treatment are evaluated. As expected, the
second hydrothermal processing conditions affect the overall photocatalytic activities of the
products.

7.2 Experimental details
7.2.1 The first hydrothermal synthesis
The hydrogen titanate nanobelts were synthesized by alkaline hydrothermal process.
Specifically, 1.2g as purchased TiO2 powder (Alfa Caesar) was mixed with 80ml 10M NaOH
aqueous solution and vigorously stirred for 1 hour. Then the mixture was transferred to a 100ml
Teflon-lined stainless steel autoclave vessel. The autoclave was then placed into the oven
preheated to 200 ºC to perform hydrothermal process. After the reaction for 24 hours, the oven is
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turned off and the autoclave is cooled down to room temperature naturally. The white fluffy
precipitates in the autoclave was collected and washed using 1M HCl and D.I. water until the pH
of the aqueous suspension is less than 7. Then the suspension was dried and the white powder
was collected to perform relative characterization. The XRD and SEM results showed that it is
hydrogen titanate nanobelts.

7.2.2 The second hydrothermal synthesis
0.12g as-synthesized hydrogen titanate nanobelts were mixed with 80ml aqueous basic or
acidic solution at different pH (50%v/v ammonia, 10%v/vammonia, H2O, 0.1M HCl, 2.5M HCl,
5M HCl, respectively) and vigorously stirred and sonicated to ensure the homogeneous
dispersion. Then the mixture was transferred to the same autoclave aforementioned to perform
the hydrothermal treatment using the same procedure as in the first one, except that the
hydrothermal scheme is 180 ºC for 48 hours. After the autoclave was cooled down to room
temperature naturally, the products were collected and washed with D.I. water until pH is 7. The
products were then dried at 70 ºC and collected for further characterization and photocatalysis
application.

7.2.3 Characterization
The crystal structure of the as-prepared materiasl was determined by X-ray diffraction
(XRD) analysis (X’Pert PW3040-Pro Diffractometer, Panalytical Inc.) with Cu Kα radiation
(λ=1.541874Ǻ) over Bragg-angle (2θ) 10º-80º at a scanning rate of 2º/min. The Raman spectra
were collected on a Renishaw invia Raman spectrometer with the 514 nm line of Ar+ ion laser as
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the excitation source. A microscope equipped with 20× objective was used to focus the incident
excitation laser, and the laser power at the sample was 50 mW. The morphology of the asprepared materials was observed by field-emission scanning electron microscope (Hitachi S4700) with an accelerating voltage 20kV. The UV-Vis absorption spectra were measured in the
diffuse reflection mode using the integrating sphere (UV2401/2, Shimadzu) attached to a
Shimadzu 2550 UV-Vis spectrometer.

7.2.4 Photocatalysis test
The photocatalytic activity was evaluated by measuring the decomposition of the
deionized water solution of methyl orange with an initial concentration of 20mg/L. A
commercial photoreactor (LUZ-4V, Luzchem) was used, which is equipped with 14 8W UVA
lamps (Centered at 350nm, LZC-UVA, Luzchem). For a typical photocatalysis experiment, a
total of 0.01g catalysts were added to 10ml the above specified methyl orange solution in a 10ml
polyethylene tube. Before irradiation, the suspensions were sonicated in the dark for 5 minutes.
During the irradiation, the tubes were placed on to carousel to ensure the even exposure to light
of each tube. After designed irradiation time, the tubes were unloaded and centrifuged at
10000rpm for 1.5 hour to separate the supernate and the catalysts. The supernates were collected
and analyzed by recording the characteristic absorption of methyl orange (464nm) using UV-Vis
spectrometer. According to the standard curve of concentration and absorption, the value of
decomposition efficiency was calculated.
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7.3 Crystal structure of hydrogen titanate nanobelts
In the first hydrothermal reaction, commercial TiO2 powder and concentrated alkaline
aqueous solution was used as precursor to form sodium titanates nanobelts. Washing with
hydrochloric acid and water to achieve a complete ion exchange between H+ ions and Na+ ions,
sodium titanate converted into hydrogen titanate nanobelts. Fig. 7.1(a) shows the TEM
micrograph of typical hydrogen titanate nanobelts. Sodium titanate and hydrogen titanate are two
closely related structures. The structure of Na2Ti3O7 was determined by Andersson and Wadsley
[26], and the Ti-O framework of D2Ti3O7 was given by Feist and Davis [20]. The skeleton of
H2Ti3O7 composts of TiO6 octahedron, which share edges and corners. Peng et al carried out ab
initio structure optimization work based on Anderson and Wadsley’s model and found that there
exist several different hydrogen configurations which associated with different total energy [27].
The ground state with the lowest energy is the structure having a space group P21/M(11) with
corresponding lattice parameters a=8.998A, b=3.764A, c=9.545A, β=102.65, as shown in Fig.
7.1 (b). The HRTEM image as shown in the inset of Fig. 7.1(a) resolves the lattice fringe of the
nanobelt along the axis to be 0.372nm, approximate to the unit cell dimension b of H2Ti3O7.
Thus these nanobelts were found to grow along the [010] direction. The H-O bond length in
H2Ti3O7 is about 1Ǻ. It is regarded that the H+ ions was adsorbed on the surface of the Ti-O
skeleton. Although the H2Ti3O7 layer in the bulk crystals is symmetric on both sides, the
chemical environments on the two sides of a surface layer are different. The negative charge of
the Ti3O72- layer on the side underneath of the surface is neutralized by H+ in the interlayer space.
The H+ on the top surface, on the other hand, is exposed to the ambient environment and might
experience collision or attraction of external species. On the other hand, there are seven oxygen
atoms in each H2Ti3O7 unit, two of which are bonded with H+. The under-coordinated oxygen
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atoms on the surface layer could act as adsorbent sites to certain species in the aqueous solution
such as H+, OH- or H2O. This unique intrinsic structural character of hydrogen titanate makes it
highly reactive and relatively unstable in aqueous solution.
It is worthy noting that there exist some defects and areas with lower crystallinity in the
as-synthesized hydrogen titanate nanobelts. Some areas with less ordered lattice are shown in the
inset of Fig. 7.1 (a) and the stripes with different contrast from the rest of nanobelts shown in Fig.
7.1 (c)-(f). The different contrast of these stripes indicates the presence of stacking faults. Such
stacking faults occur both cross-sectionally (Fig. 7.1(c), (d)) and along the axis (Fig. 7.1(e)).
These defect locales are the loci for the breakage of nanobelts in the transformation upon 2nd
hydrothermal treatment.

7.4 Phase transition and morphology evolution in aqueous solution:
from basic to acidic
NH3-H2O-HCl is selected to achieve different pH values, due to the following reasons: 1)
They are the common reagents used in wet-chemistry synthesis and there has been systematically
experimental and theoretical work on synthesis of TiO2 nanomateirals in this system using
traditional hydrolytic reaction [8]. Thus our work could provide a parallel and relative reference
on this novel strategy complementary to the whole scopes of TiO2 nanomaterials synthesis. 2)
The hydrogen titnate comes from the parent precursor which results from a highly basic solution,
thus it is inferred that the titanate structure itself is the stable form in highly basic solution. Plus,
the cations concomitant with highly basic solution also help stabilize the titanate structure.
Therefore, it is unnecessary to push the solution pH to very high. 3) Ammonia provides
relatively mild basic environment without introduction of interfering cations such as Na+, Li+
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which could also intercalate into the layered titanate structure and might induce either
morphological or structural change [28]. XRD patterns, Raman spectra, SEM images of the
products collected after the second hydrothermal treatment and subsequent washing to neutral
pH are shown in Fig. 7.2, Fig.7.3 and Fig.7.4, respectively.

Figure 7.1 TEM micrographs of as-synthesized H2Ti3O7 nanobelts, inset: HRTEM image shows
the lattice fringe of one nanobelt (a); schematic illustration of the H2Ti3O7 layered crystal
structure (b); TEM micrograph of selected nanobelts with stacking faults on the cross sectional
direction (c) and (d); TEM micrograph of selected nanobelts with stacking faults along the axis
direction (e).
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For the convenience of discussion, we denote the products from products as S1-S6 with the pH
of hydrothermal solution decreasing ： S1 is the product from 50 v/v % ammonia, S2 is the
product from 10 v/v % ammonia, S3 is the product from water, S4 is the product from 0.1 M HCl,
S5 is the product from 2.5 M HCl, S6 is the product from 5 M HCl. The transition shows a
tendency from titanateÆanataseÆrutile as the acidity of the hydrothermal solution increases. S2,
S3, S4 are pure anatase. Increasing the concentration of HCl to 2.5 M resulted the mixed phase
of anatase and rutile in S5. Further increasing HCl to 5 M, pure rutile was formed in S6.
Although all the peaks in the XRD pattern of S1 can be identified to hydrogen titanate structure,
the detailed feature is apparently different from that of the precursor H2Ti3O7 obtained from the
first hydrothermal process. The most obvious difference is that the most intense peak around 11
degree corresponding to (100) plane weakened a lot after the second hydrothermal treatment.
And, some small diffraction peaks present in the precursor hydrogen titanate disappeared. It
could be inferred that some degradation of the titanate lattice has occurred. However, because the
XRD of hydrogen titanate and anatase titania share certain similar reflections, the result brings
ambiguousness thus can not provide sufficient evidence to identify the crystal structure. Raman
spectra were taken to verify the crystal structure of the products as shown in Fig. 7.3. The
characteristic peaks of Ti-O-Ti lattice in anatase and rutile phases fall over the range of 400-700
cm-1. Typically there are six Raman active fundamental modes observed in anatase TiO2: 144
cm-1 (Eg), 197 cm-1 (Eg), 397 cm-1 (B1g), 518 cm-1 (A1g + B1g) and 640 cm-1 (Eg), while four
Raman active modes in rutile TiO2: 144 cm-1 (B1g), 448 cm-1 (Eg), 613 cm-1 (A1g) and 827 cm-1
(B2g). The spectra of S2, S3 and S4 show the vibrations at 144 cm-1, 197 cm-1, 397 cm-1, 518 cm-1
and 640 cm-1, which are well characteristic of pure anatase. The spectrum of S6 is characteristic
of the vibrational bands of rutile. The characteristic peaks of both anatase and rutile showed in
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the spectrum of S5. They are all well consistent with the XRD results. Compared to the spectra
of hydrogen titanate and anatase, it is observed that the Raman spectrum of S1 shares the
characteristic resonant peaks with both of them. Thus it is apparent that S1 possesses a mixed
phase of hydrogen titanate and anatase. Although the peaks corresponding to anatase appears
much stronger than that of hydrogen titanate, it is unreasonable to attribute anatase to be the
majority phase, because the Raman resonant signal coming from anatase is intrinsically stronger
while that from hydrogen titanate is inherently weak. Owing to the strongest diffraction peak of
H2Ti3O7 (100) in XRD pattern, it is assumed that hydrogen titanate is the majority phase in S1.
This argument is further corroborated by the SEM characterization presented in Fig. 7.4. The
majority of S1 still retained the nanobelt morphology. However, some diamond shaped particles
were found adjacent to the nanobelts. It looks like they are growing out of the belts. The
existence of two apparently different morphologies implies they belong to two different crystal
structures. S2 and S3 have the similar morphology. It is clearly seen that some nanobelts are
ruptured into short column-like particles. Big plates are also seen, which might come from larger
nanobelts or from the combination of small particles. S4 retained the one dimensional
morphology. However, closer-up examination shows that the nanobelt is composed of adjacent
particles with perfectly parallel, oriented fringes. The reserved meso-scopic morphology inferred
that the adjoining particles are derived from the hydrogen titanate from in-situ crystal
reconstruction process, not a typical dissolution-re-crystallization process. S5 has the similar
morphology to S4. The nanobelt motif is much shorter than the original hydrogen titanate
nanobelt and S4. Loose particles can be frequently found. S6 shows a totally different
morphology. The daisy-like crystals are composed of the rods growing out of the same site. The
size of both the daisy-like cluster and the rods are highly uniform. The rods are micrometers of
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length and hundreds of nanometers in diameter. The completely exotic morphology indicates that
S6 might have experienced a re-crystallization process, not from in-situ transformation.
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Figure 7.2 XRD patterns of hydrogen titanate nanobelt precursor and S1-S6
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Figure 7.4 SEM images of S1, inset: closer-up look of the diamond shaped nanocrystals growing
on the nanobelts (a); S2 (b); S3 (c); S4 (d); S5 (e) and S6, inset: closer-up look of the daisy-like
rod cluster (f).
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7.5 Transformation process
Since S2 shares the same attributes as S3 while S4 shares the same attributes as S5, the
HRTEM of S1, S3 and S4 are selected to represent our investigation results on the
transformation of hydrogen titanate nanobelts under different hydrothermal solution.
TEM image of S1 in Fig. 7.5 (a) reveals fine structure similar to SEM results, showing
diamond-shaped crystals growing out of the nanobelts (Fig. 7.5 (c) and (d)). The HRTEM image
of the nanobelts in Fig. 7.5 (b) shows they remained the lattice fringe of H2Ti3O7 structure.
Directly identifying the crystal structure of the diamond-shaped crystals from HRTEM or
electron diffraction techniques are cumbersome, because the crystals are always overlapping on
top of the nanobelts. We assign the newly grown diamond-shaped crystals to anatase TiO2, due
to the combinatorial results from XRD, Raman and the fact that anatase TiO2 has been frequently
shown to nucleate as truncated octagonal bipyramid seeds exposing eight equivalent {101} faces
and two equivalent {001} faces, which just resembles the crystals examined here [29]. Also from
Fig. 7.5 (b) it could be observed that less-ordered areas appear more frequently in the nanobelts
of S1 than in the precursor H2Ti3O7.
Fig. 7.6 shows the TEM images of S2 and S3, showing they share similar fine features.
Fig. 7.7 shows TEM image of S4. It is interesting to observe that although the titanate precursor
is transformed into anatase in S2-S4, the transformation occurred in different fashions as the pH
of the hydrothermal solution varied. It could be clearly seen that the nanobelt is split cross
sectionally into S3, whereas it is splits longitudinally into S4, resulting numerous small adjoining
particles still resembling the nanobelt motif. Such splitting is also represented by 1) the stripes on
the cross sectional direction in S2/S3, which is similar to that in precursor titanate nanobelt but
more obvious and frequently seen (Fig. 7.6 (a), (b), (d)); 2) a thin amorphous layer outside the
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cleaved nanobelts in S4 (Fig. 7.7 (c), (d)). Keeping in mind that the crystal defect features in the
precursor titanate nanobelts presented previously, it is likely that the rupture of the nanobelts
initiated from those less crystalline locations. And, whether such rupture originates from the
stacking faults on the cross-sectional direction or axial direction depends on the pH of the
solution.

7.6 Proposed phase transformation mechanism
It is clearly seen that the phase transformation and morphology transition of assynthesized hydrogen titanate nanobelts under hydrothermal conditions depends on the pH, or
more directly, hydrogen ions in the solution. Curtiss et al carried out theoretical calculations and
found a most startling results on the anatase-to-rutil phase transition: not only did the phase
transition exhibit a definite dependence on the ratio of O to H atoms in surface adsorbates but
also as a consequence of this dependence, the possibility exists for reversible, surface chemistry
induced phasetransition in pre-grown nanoparticles [23]. The term “surface chemistry induced
phase transition” is used to describe the situation here. The hydrogen titanate precursor is also
composed of TiO6 octahedral, sharing the same basic unit as TiO2. It is regarded that the H+ ions
was adsorbed on the surface of the Ti-O skeleton. The O-O bond lengths of the [TiO6] are about
o

3 A , and the short H-O bond with different oxygen sites results in very different total energies
[27]. There exist seven distinct oxygen sites for hydrogen adsorption. In a stoichiometric
H2Ti3O7 crystal two hydrogen atoms are bonded to these seven oxygen atoms. Adsorption of
hydrogen on the different oxygen sites results in different O-H bonding strengths. In an aqueous
solution, the H+ or OH- ions could be adsorbed onto under-coordinated oxygen sites with lower
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O-H bonding energy or collide with the relatively weakly bonded hydrogen. When the H+ ions
are dominant, H+ will be adsorbed onto the oxygen sites which is not bonded with hydrogen in

Figure 7.5 TEM micrographs of S1 (a); HRTEM image of the nanobelt in S1, up inset: enlarged
HRTEM showing well resolved lattice fringe of the nanobelt; down inset: FFT converted image
of the HRTEM image (b); Closer-up look of the diamond shaped crystals growing on the
nanobelts (c) and (d).
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Figure 7.6 TEM micrographs of S2 (a) and (b); S3 (c) and (d); HRTEM taken across the rupture
of the nanobelt in S3 (e) and (f).

the precursor structure. The charge of this intermediate will be positive and the surface is
hydrogen rich. When the OH- ions are dominant, the OH- ion could collide with the H+ ion on the
surface. It is therefore likely that H+ on the surface that are exposed in the solution will be
neutralized by OH- to form a water molecule while the underneath layer that is bounded to the
inside layers is not affected. The charge of this intermediate will be negative and the surface is
relatively oxygen rich. Both the situations result in an imbalance on the total charge of the
hydrogen titanate structure. To offset the instability caused by this charge imbalance, the
hydrogen bonds with the lattice oxygen and/or adjacent OH group could be recombined by
transforming weaker hydrogen bonds into stronger hydrogen bonds and vice visa, which leads to
the release of
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Figure 7.7 TEM micrograph of S4 (a), (b) and (c); HRTEM of S4, inset: HRTEM taken on the
edge of one nanobelt in S4 (d).

one water molecule from one H2Ti3O7 unit and transform to the TiO2 structure. In either
condition, it is seen that the H+ ions play the crucial role in the phase transformation process. We
propose the following scenarios to depict the phase transformations from hydrogen titanate to
titania in different hydrothermal solutions:
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R1: when the H+ ions in hydrothermal solution is fairly low under the situation of transformation
into S1 in 50%v/v ammonia.
There is a quite amount of OH- ions in the solution which could collide with H+ on the
surface of hydrogen titanate slab. The energy for an OH- ion to carry away an absorbed H+ on the
surface is as large as 2 eV. Thus this reaction is not a unitary behavior to the H2Ti3O7 network.
The possibility for this reaction is relatively higher for the H+ ions bonded to the oxygen sites
with lower bonding strength. The presence probability of such weak O-H bonds is statistically
low in order to maintain the thermodynamic stability of the structure. Therefore it is seen that the
diamond shaped anatase particles are sporadically scattered on the nanobelt. The removal of one
H+ from one H2Ti3O7 unit has two consequences: destroys the charge balance of the nearby slab,
and the local surface becomes oxygen-rich (We should always bear in mind that the process and
consequences we are talking about here are local events, which do not raise danger to the
stability of the entire nanobelt.). To compensate the negative charge of the surface, the slab has
to lose one O-H- unit. The remaining Ti3O6 unit will adjust the crystal lattice to maintain the
lowest energy, thus anatase is formed and separated from the rest hydrogen titanate lattice. The
relatively larger particles could be formed from a Wulff construction process, but this is beyond
the scope of this paper. The overall reaction path could be formulated into:
[Ti3O72-] [H+]2 + OH- Î [Ti3O72-] [H+] + H2O Î [Ti3O6] + OH- + H2O
The schematic transformation occurring to the H-Ti-O network is illustrated in Fig. 7.8
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Figure 7.8 Proposed mechanism for the transformation of H2Ti3O7 to TiO2 in the basic
environment

R2: when the H+ ions in the hydrothermal solution is relatively high.
The reaction mechanism presented here is applied to the transformation into S2, S3 and
S4. The concentration of OH- in 10%v/v ammonia is rather low so that we could assume its
activity is on the same level as that in water which is not high enough to absorb the H+ on the
surface of hydrogen titantae slab. The H+ in the solution is more mobile and easily adsorbed onto
the under-coordinated oxygen sites and form hydrogen bond with adjacent OH group.
Theoretical simulation has shown that the adsorption of the H+ onto oxygen increases the Ti-O
bond length. Hydrothermal condition could facilitate the strengthening of the hydrogen bonding
of this adsorbed H+ with adjacent OH group and the weakening of the Ti-O bond, which leads to
the removal of one H2O molecule from the slab. To maintain the lowest energy, the remaining
Ti-O network has to adjust the crystal lattice into anatase phase. There are under-coordinated
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oxygen sites in every H2Ti3O7 unit, thus the result is that all the hydrogen titanate monolithically
transform into anatase. The overall reaction pathways could be formulated into:
[Ti3O72-] [H+]2 + H+ Î [Ti3O72-] [H+]3Î [Ti3O6] + H2O + H+
The schematic transformation occurring to the H-Ti-O network is illustrated in Fig. 7.9.

Figure 7.9 Proposed mechanism for transformation of H2Ti3O7 to TiO2 in the acidic environment

One has to notice that the oxygen atoms on which exotic H+ ions are adsorbed are removed
during the reaction. If the removed oxygen atoms are on the non-bridge sites, like on the apex of
the TiO6 octahedral, the network of the belt will not rupture. On the other hand, if the removal of
the oxygen atoms happens on the sites on the shared edge or corner, this will cause the rupture of
Ti-O-Ti bond and result in the split of hydrogen titanate network. The oxygen sites on which the
H+ ion are adsorbed depend on the energy gain of such O-H bonding formation. When the H+ in
the solution is relatively low under the situation of transformation into S2 and S3 in 10%v/v
ammonia and water, respectively, the adsorption happens at the sites with the lowest energy gain.
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The TEM results showed that in low concentration ammonia and water, the cleavage of the
hydrogen titanate belt happens along the cross-section, leading to the formation of relatively big
particles. When the H+ concentration in the solution is high under the the situation of
transformation into S4, the adsorption can happen at any site. The TEM results showed that in
the acidic solution with the pH of ≥1, the cleavage of hydrogen titanate belt happens both along
the cross-section and along the axis of the belt, resulting in perfectly paralleled small particles. It
is also noted that the formed particles in S2, S3, S4 are not perfectly rectangular. The four
corners are rounded instead of perpendicular. This could be due to the partial Oswald ripening,
which minimizes the energy of the surface. However, it is expected well-faceted crystals could
be obtained by controlling the hydrothermal time.
Further increasing the acidity of the hydrothermal solution resulted in the formation of
the rutile phase. It has been reported that the acid environment favors the formation of rutile
during the sol-gel process or the traditional hydrothermal treatment. The morphology of S5 is
similar to S4. When the H+ concentration in the solution is extremely high under the situation of
5M HCl, it is found that the morphology of product is totally different from the nanobelt. There
could be two scenarios: one is that the hydrogen titanate slabs were totally decomposed into TiO6
units and these hydrogen rich octahedrons were reorganized to the rutile lattice by Wulff
construction. This postulation is supported by the faceted rod shape of S6, because Wulff
construction usually results in a faceted structure with the minimal interfacial free energy;
another is that the hydrogen titanate slabs were decomposed and reorganized into very small
anatase particles, which then went through Oswald ripening to form rutile structure. This is
consistent with the theoretical finding that the anatase phase is stable at small size and will
transform into rutile when growing bigger. We are inclined to the first hypothesis. Systematic
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kinetic investigation and crystallography study is being carried out to provide more convincing
evidence.

7.7 Photocatalysis
A general photocatalysis of organic substrates basically takes several steps: first the
photocatalyst was irradiated by external light, if the energy of the irradiation light is equal to or
larger than the band gap of the photocatalyst semiconductor, the electron in the valence band
absorbs one photon and transits up to the conduction band, leaving a hole behind, this first
process is the generation of the electron-hole pair. The photo-generated electrons and holes can
go through different parthways. They can recombine and dissipate the input energy as heat, get
trapped in metastable surface states, or react with electron donors and electron acceptors
adsorbed on the semiconductor surface or within the surrounding electrical double layer of the
charged materials. The overall quantum efficiency for interfacial charge transfer is determined
by two critical processes [30]. They are the competition between charge carrier recombination
and trapping followed by the competition between trapped carrier recombination and interfacial
charge transfer. An increase in either the recombination lifetime of charge carriers or the
interfacial electron-transfer rate constant is expected to result in higher quantum efficiencies for
steady-state photolysis. The different recombination lifetimes and interfacial electron-transfer
rate constants may be due to the different preparation methods of the samples that result in
different crystal defect structures and surface morphologies. Fig. 7.10 shows the UV-Vis
absorption spectra of the precursor, products from different solutions. It is seen that the hydrogen
titanate precursor has the largest band gap, S1 shows a little bit red shift than the precursor,
because the part transformation to anatase. S2, S3 and S4 are all anatase phase, so their optical
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absorption spectra showed similar cut-off edge, however, it could be seen that S2 and S4 have an
enhanced shoulder from 600 nm to 380 nm. There have been many publications studying the
anion doped titania materials with enhanced absorption in the visible light due to band-gap
narrowing effect or localized mid-gap states induced by the impurities. So far we have not
further evidence to identify the reason of such enhanced shoulder, but it is implied that the
chlorine or nitrogen could be incorporated into the titania lattice under hydrothermal condition to
cause the doping effects. Further surface chemical analysis study is underway to verify this
postulation. S5 is the mixture of anatase and rutile with anatase as the majority, so it shows
similar spectrum to S4, also having an enhanced shoulder in the near visible light range. S6 is
pure rutile, showing a significant red shift as compared to the anatase samples, which is
consistent with that rutile has narrower band gap than anatase. It is also seen that the absorption
in the entire visible light range and near infrared range is enhanced. The color of S6 is slightly
grayish green. It has been found that higher anion doping level also resulted in a similar color.
The probability and rate of the charge transfer processes for electrons and holes depends upon
the respective positions of the band edges for the conduction and valence bands and the redox
potential levels of the adsorbate species.
Fig. 7.11 shows the photocatalysis curve of the methyl orange aqueous solution by the
precursor, S1-S6, as well as the anatase nanowires from direct calcination of hydrogen titanate
precursors which well retained their nanobelt morphology and single crystalline anatase structure.
The hydrogen titanate precursor has the lowest activity, because of its large band gap thus lower
electron-hole pair production rate. S1 showed slightly enhanced activity, due to the presence of
anatase phase could enhance the photoabsorption. It is interesting to study the photocatalytic
activities of S2, S3, S4 and the calcined anatase nanobelts, all of which have pure anatase phase.
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S2 have the highest activity, followed by the products from S4. As aforementioned, the two
products might have anion dopants, which could reduce the recombination rate if the doping
level is low. It is also seen that compared to S3, S2 and S4 show greatly enhanced absorption in
the ultraviolet range, which could also contribute to their enhanced photocatalytic activities. It is
interesting to compare the calcined nanobelts to S3. Both of them are anatase and their UV-Vis
spectra show similar absorption characteristics. The surface area of S3 is supposed to be higher
or at least on the same level as the calcined nanobelts, because the splitting of nanobelts should
gives more surfaces to be exposed. The only differences we could think is the morphology and
the last processing step. Where the anatase nanobelt is obtained by high temperature calcination,
S3 is from pure water hydrothermal treatment. It is commonly assumed that the surface hydroxyl
radicals formed by transfer of holes to surface adsorbed hydroxyl group are the major oxidizing
agents in the photocatalysis process. The density of surface hydroxyl group can be reduced to a
great extent by heating up to high temperature, while the materials through the all-water
synthetic routes are supposed to possess a hydrated surface layer with dense hydroxyl groups. It
is inferred that the calcined nanobelts have much lower surface hydroxyl density compared to S3,
thus have a higher photocatalytic activity. Contrarily, it is found that calcined nanobelts have
much higher catalytic activity than S3, which we attribute to the morphology difference. The
nanobelt is a unique structure which could provide a continuous channel for charge transfer, thus
the interfacial charge transfer rate could be greatly enhanced. Another possible explanation is the
reduced recombination rate. It has been reported that oxidation or reduction reaction has its own
preference crystalline facets. The higher aspect ratio of nanobelt structure could provide higher
spatial separation between oxidizing and reducing species thus lower the recombination
probability. It is more reasonable to compare the photoactivity of S5 to S4, instead of other,
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because both of them showed the same absorption behavior. The introduction of rutile into S5
decreases the photocatalytic activity, which is contrary to the well known synergistic effects of
mixed phase titania catalyst. Mixed-phase nanocrystalline TiO2 with varied rutile contents has
been synthesized via different wet chemical techniques and tested for the photocatalytic activity
with different catalytic agents. It has been found that to achieve enhanced photocatalytic activity
by the synergism of two phases, one has to obtain the optimal rutile content. More importantly,
the optimum rutile percentage has different values with varied synthetic routes and
photodegradation system. It seems that the rutile content in S5 does not fall in the optimum range
for degradation of methyl orange. Modulating the acidity of hydrothermal solution could be able
to tune the phase proportion of the TiO2 products and further screen out the optimum scale with
the maximum photocatalytic activity.
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Figure 7.10 UV-Vis spectra of hydrogen titanate nanobelt precursor and S1-S6
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Figure 7.11 Degradation curve of methyl orange under UVA irradiation by hydrogen titanate
nanobelt precursor, calcined nanobelts and S1-S5

7.8 Conclusions
Titania nanomaterials were derived from the hydrogen titanate nanobelts in the absence
of surfactants under second hydrothermal treatment. Such phase transformation is proposed to be
in-situ mediated by surface chemistry. It is a novel avenue for controlling the phase
transformation and the morphological evolution of titania.. A systematic approach was applied to
study the factors responsible for such reaction and for the phase composition, crystal morphology
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and the photocatalytic activity. In the aqueous solution system of NH3-H2O-HCl, it was found
the interaction of hydrogen ions or hydroxide ions with H2Ti3O7 skeleton is the key to the phase
transformation. Hydroxide ions could neutralize the hydrogen ions in the H2Ti3O7 skeleton,
while hydrogen ions could be adsorbed onto the under-coordinated oxygen sites. The nanobelt
surface was modified by the adsorption of dissociated hydrogen/hydroxide ions, which resulted
in the unstable non-equilibrium energy state, leading to the overall phase transformation. The
transition shows a tendency from titanateÆanataseÆrutile with an increase in the acidity of the
solution. The photocatalytic activities of the samples after second hydrothermal treatment were
evaluated by measuring the kinetics of methyl orange degradation in an aqueous solution. It was
found that the anatase particles synthesized in ammonia and hydrochloric acid showed the much
higher photocatalytic activity, even higher than the calcined anatase nanobelts. The performance
of particles processed in pure water was the lowest among all the samples with pure anatase
phase. This suggested that the variation of the photocatalytic activity could be associated with
the surface chemistry, which resulted from the second hydrothermal process.
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CHAPTER 8: Conclusions and Outlook
8.1 Conclusions
The following conclusions are drawn from the present investigation:
1. The chemical composition, the morphology and the crystal structure of 1-D titanate and
titania nanostructures can be tailored by controlling the hydrothermal process condition.
i. The Na2Ti3O7 nanotubes were formed from hydrothermal reaction between titanium
dioxide precursor and concentrated NaOH below 150 ºC while the Na2Ti3O7 nanobelts
were formed above 150 ºC.
ii. During washing of the 1-D Na2Ti3O7 nanostructures in an acidic solution, sodium
exchanged with proton, which led to the formation of H2Ti3O7.
iii. The hydrothermally processed H2Ti3O7 was transformed to TiO2 with different
polymorphs upon calcination at elevated temperatures.

2. The photocatalysis performance of nanostructured TiO2 was heavily dependent on the
properties of materials that were governed by the synthetic parameters.
i. The crystallinity played a crucial role in the photocatalysis performance. For the TiO2
nanostructures fabricated by the hydrothermal processing, the crystallinity had larger
influence on the photocatalysis performance than the surface area and the particle size.
The hydrothermal processed TiO2 nanostructures after calcination at lower temperature
showed inferior performances due to their lower crystallinity despite of their higher
surface area.
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ii. Pure anatase was the preferred phase for photocatalysis application of the TiO2
nanostructures preapred by the hydrothermal processing. The TiO2 nanostructures with
the B phase exhibited the lowest activity in photocatalysis.
iii. The nanobelts showed better photocatalytic performance than the nanotube or
nanosphere counterparts with the same phase composition and crystallinity.

3. The enhanced photocatalytic activity of the anatase TiO2 nanobelts was found to originate
from their unique shape and surface structure.
i. The nanobelts possessed higher charge carrier mobility and provided a pathway for the
transport of charge carriers throughout the length direction, which was expected to
facilitate the charge separation.
ii. The nanobelts showed an enhanced reactivity with O2 molecules on the (101) facet and
thus generated more superoxide anions ( O2• -) on the photocatalyst surface, which was
confirmed by the density functional theory (DFT) calculation.

4. The nitrogen-doped anatase titania nanobelts were successfully fabricated. The nitrogen
dopant level in the lattice increased with an increase in the treatment temperature
accompanied with an increase in the oxygen vacancies. Nitrogen atoms were located on the
interstitial site at a low N doping level. At 1.53 at % level, the interstitial sites became
saturated and thus extra N atoms were located on the substitutional sites in the anatase lattice.

5. Nitrogen doping induced an add-on shoulder on the edge of the valence band maximum
and the localized N 2p states above the valence band. The 3d states of Ti3+ below the

187

conduction band were also originated due to the presence of oxygen vacancies in the anatase
lattice. The visible light adsorption originated from the N 2p levels near the valence band
maximum and the color centers induced by the oxygen vacancies and the Ti3+ species. The
higher N dopant level resulted in a red shift of the absorption edge and an enhancement of
absorbance in the visible region.

6. The visible light responsive photoactivity of the N-doped titania arose from the excited
electrons from the N 2p states on the edge of valence band maximum (VBM) and the local N
2p levels above the VBM. The 3d states of Ti3+ below the conduction band, which were
associated with oxygen vacancies, acted as the electron-hole recombination centers, leading
to the reduction of photocatalytic activity.

7. Surfactant free transformation of titania nanomaterials was performed by a second
hydrothermal processing on hydrothermal synthesized hydrogen titanate nanobelts. This,
provides a novel avenue for nanomaterial synthesis via the modulation of the surface
chemistry of materials.

8. In the aqueous solution system of NH3-H2O-HCl, the interaction of hydrogen ions or
hydroxide ions with H2Ti3O7 skeleton was the key to the phase transformation. Hydroxide
ions could neutralize the hydrogen ions in the H2Ti3O7 lattice skeleton and hydrogen ions
could be adsorbed onto under-coordinated oxygen sites. The nanobelt surface was modified
by the adsorption of the dissociative hydrogen/hydroxide ions. This resulted in the unstable
non-equilibrium energy state, causing the phase transformation.
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8.2 Future work
Further investigations could be carried out in the future based on this thesis:
1. The TEM examination results have indicated that the nanobelt and nanotube structures
are derived from the nanosheet, the intermediate species in the hydrothermal process. It is
hypothesized that small thin nanosheets are scrolled up to nanotubes at a relatively low
temperature while large thick nanosheets are split into the nanobelts at a relatively high
hydrothermal temperature. HRTEM observation is need to be performed to provide more
crystallographic information on the nanotubes, nanobelts and nanosheets to clarify the
formation sequence of the nanostructures. On the other hand, some issues are still unclear:
what are the driving forces for scroll-up or splitting of the nanosheets? Why is the scrollup or splitting process dependent on the size of the nanosheet? Theoretical calculations
could be used to simulate such processes of the nanosheets under different initial
conditions.

2. In chapter 7, it is found that the photocatalytic activity of the as-synthesized materials
greatly depends on the hydrothermal solution. For instance, despite the same morphology
and crystal phase, S2 and S3 show distinctly different efficiency in photocatalytic
degradation of methyl orange. This suggests that the surface chemistry of the materials
could be the determinant factor. Thus detailed surface analysis is needed to be further
performed to understand the governing parameters. Such studies will help the design of
efficient photocatalysts.
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3. Experiments have demonstrated that phase transformation of hydrogen titanate nanobelts
can be mediated with surface chemistry. It would be interesting to theoretically study
how the phase transformation occurs by applying different amount of hydrogen ions on
the H-Ti-O slab.

4. The in-situ surface chemistry mediated phase transformation of hydrogen titanate
nanobelts takes place in an aqueous solution. Furthermore, the organic solution could
offer more opportunities to tailor the surface chemistry and shape of the products. It is
interesting to study the transition behavior of TiO2 in common solvents such as acetone
and ethanol.

190

Appendix A:
Standard curve of methyl orange aqueous solution
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Figure A.1 UV-Vis spectra of methyl orange aqueous solution in different concentration. There
are two distinct absorption peaks characteristic of methyl orange. The peak centered at 464nm
was used to quantify the methyl orange concentration in the photocatalysis system in this thesis.
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Figure A.2 Standard curve of methyl orange solution shows the relationship between the
concentration and the absorbance intensity around 464nm. Thus, one can determine the
corresponding concentration of the methyl orange aqueous solution via measuring the
absorbance intensity of the peak centered at 464nm by referring this curve.
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Appendix B:
The influence of the adsorption of the photocatalysts and self-degradation of methyl orange
upon irradiation on the photocatalysis characterization

1.8

Absorbance (a. u.)

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

0

10

20

30

40

50

60

Time (min)

Figure B.1 The concentration change of methyl orange aqueous solution at the presence of TiO2
nanobelt photocatalyst in the dark. It shows that the concentration does not change after mixing
the photocatalysts with the methyl orange aqueous solution within the investigated time regime,
indicating the adsorption of dye molecules onto photocatalyst surface is neglectable in evaluating
the overall photocatalysis efficiency. The slight increase of the concentration might be due to the
measurement error or the evaporation of water.
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Figure B.2 The concentration change of methyl orange aqueous solution after 5h irradiation
under visible and UVA light, respectively, without the presence of photocatalyst. It shows that
the methyl orange does not self-degrade upon the two light sources.
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Appendix C:
The fitting procedure to obtain Figure 4.7

dC
= kC
dt
where k is the first order rate constant with the unit of 1/time.
The above equation can be integrated into ln C = −kt + ln C 0
C
and further converted into ln 0 = − kt
C
C
The plot of ln 0 v.s. t gives a straight line, whose slope is –k.
C
Thus by fitting this plot, the rate constant k can be obtained.
A 1st kinetics reaction follows the relationship: r = −

Figure C.1 shows the plot of ln

C
v.s. t obtained from Figure 4.5; Figure C.2 shows the plot of
C0

C
v.s. t obtained from Figure 4.6. The fitting was carried out using OriginPro 8. The
C0
interceptions in all the fiiting were forced to be zero.
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Figure C.1 Plot of ln
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Table C.1 Fitting parameters in Figure C.1
y = a + b*x
0.90343 (NT400)
0.9502 (NT700)
0.97577 (NT800)
Value
Standard Error
Intercept
0
-Slope
-0.01728
0.00212
Intercept
0
-Slope
-0.02307
0.00199
Intercept
0
-Slope
-0.01951
0.00116

Equation
Adj. R-Square
NT400
NT700
NT800

0

ln(C/C0)
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NB800

-3

-4
0

20

40

60

80 100 120 140 160 180 200

Time (min)

C
v.s. t in photocatalytic degradation of methyl orange aqueous solution
C0
by NB400, NB700 and NB800 under UVA irradiation

Figure C.2 Plot of ln

Equation
Adj. R-Square
NB400
NB700
NB800

Table C. 2 Fitting parameters in Figure C.2
y = a + b*x
0.9974 (NB400)
0.96046 (NB700)
0.89895 (NB800)
Value
Standard Error
Intercept
0
-Slope
-0.00508
9.79796E-5
Intercept
0
-Slope
-0.04416
0.00338
Intercept
0
-Slope
-0.00905
0.00114
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